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ABSTRACT 


An overall theory of the steam locomotive is developed to form a 
basis on which sizes of component parts like boiler, chimney and cap, 
engine cylinder, etc. can be determined for a given performance. The 
theory is correlated with many results of tests carried out both in 
South Africa and abroad, particularly Altoona, U.S.A., firing rate 
being used as the main parameter. The problem of negotiating curves 
is analysed in great detail, graphical methods being used and practical 
application stressed. Various braking systems are contrasted and 
analysed to link up with practical test results, skid marks on wheels 
also receiving attention. A full analysis of drawgear is carried out and 
finally aspects of steam heating of trains are fully discussed. 
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FOREWORD 


This little work has been compiled with the idea of presenting 
in readily available form information on certain Railway Mechanical 
Problems. 'These are problems that arose from time to time on the 
South African Railways. These guestions were solved as well as the 
time and the information then available allowed and as more information 
became available the practical applications on the S.A.R. have been 
improved accordingly. Since his retirement the author has made 
further study of the various subjects and has endeavoured to arrange 
the subject matter more methodically than it could be done in the 
rush of everyday Railway duties. While a large part of the information 
given here may be available in some file or other of the S.A.R. or in 
certain publications the ordinary engineer has no time or opportunity 
to unearth this information, let alone the fact that several of the 
publications referred to are not readily available. Also, the information 
so gleaned must be collated. Following the suggestions of some of his 
former colleagues the author has decided to revise and collate certain 
information that he has collected in the course of his career as a 
railway mechanical engineer and this piece of work is the result. 


The author would like to express his thanks to those who assisted 
him in this task. In particular he wishes to thank the various General 
Managers, who have from time to time kindly given permission for 
the publication of information relating to the S.A. Railways and this 
is included in this work. 'Thanks is also due to the Institution of 
Locomotive Engineers, London, for kind permission to use parts of 
the Paper: “Locomotive Boiler Design: Theory and Practice” published 
in the Journal, No. 144; Jul-Aug. 1938, and to the “S.A .R. Engineering 
Society” for permission to use the subject matter of two papers read 
before that Society. The permission of the University of Stellenbosch 
to include almost verbatim a translation of most of the contents of 
“Annale van die Universiteit van Stellenbosch” No. XIII, Reeks A, 
No. 1 (1945) is hereby acknowledged and much appreciated. 


Finally a very special word of thanks and acknowledgment to 
the S.A. Railways for financing this publication. 


M. M. Loubser 
Pretoria, 
June, 1960. 
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1.0. INTRODUCTION 


1.1. Transport must have started in a small way as soon as primitive 
man had belongings which he wanted to move from one place to 
another. Thus originated the transport on human shoulders or heads 
still practised by Central African “safari's”. Human beings were 
gradually replaced by donkeys, mules and camels and so originated 
the caravans which played such a great rêle in the early trade 
between Europe and the Hast. At some stage the sleigh drawn by 
humans or animals was invented. A very important and revolutionary 
innovation of which we have no direct record is the roller for 
transporting heavy weights as, for instance, the stones for the pyramids 
and the wheel, which opened the way for the chariot, the waggon, 
the stage coach and ultimately the railways and ball and roller bearings. 


1.2. Wherever there was water (be it rivers, lakes or the ocean) rafts, 
canoes, boats and ships gradually came into use with manpower or the 
wind as propelling force. 


1.3. 'These various forms of transport played a great rêle in man's 
discovery of the world and the spreading of early civilization. As far 
as South Africa is concerned, more particularly the settlement of the 
European here, the form of transport which played the leading rêle 
was the sailing ship although, paradoxically enough, South Africa has 
no inland waterways and the sailor-settlers had to adapt themselves 
to the ox-waggon. 


1.4. With the introduction of vehicles running on rails in the beginning 
of the last century, followed shortly afterwards by the introduction 
of steam power for propelling both land vehicles and ships, the modern 
mass transport of goods started. For over a century railways have 
formed the background of transport on land. 


1.5. Very important factors greatly influencing the basic cost of 
transport are the cost of preparing the “road” and the force or 
effort necessary to move the load. The following table gives approximate 
figures of the force reguired to move one (short) ton (2,000 lbs.) of 
load on the level: — 


carry od et . ys ME 2,000 Ibs. 
sleigh on ground ee Aa ay, 1,000 ,, 
sleigh on stone pavement gf d20T, 
sleigh on snow and ice  ... se si. alsdOste Os 
iron wheels on sand sed es 800 to 6OO 
iron wheels on bad road 160 to 320 N 
iron wheels on macadamized road AE Site 46 
iron wheels on asphalt road  ... has OM 
rubber wheels on asphalt at 15 m.p.h. ... 42 to 62, 
steel wheels on steel rails di ri) 4 to 67 


'The resistance to movement on water is theoretically zero at dead-slow 
speeds, but increases rapidly with speed. The water “road” is either 
nature-made or in the majority of cases, cheaper to make per unit 
carrying capacity than land “roads” and it can be stated as a general 
principle that transport by water is cheaper than transport on land 
but slower; air transport is much faster than either, but also more 
expensive. 
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1.6. While the motor car is a keen competitor of the railways for 
passenger transport and in some cases (notably short distances) the 
lorry is alleged to be cheaper than the railways there can be no doubt 
that for bulk transport such as coal, ore, grain, etc. the railway is 
still the main means of land transport, the only successful competitor, 
if available, being water transport. Probably the controversy over the 
relative economy of road and rail transport (except for short distance 
door to door traffic) would disappear if it were not for the tariff 
policy of railways of making “high rated” traffic pay for 'dow 
rated” mass transport and the fact, ever returning in argument, 
that the railway must build and maintain its own “road” whereas 
the road for the lorry is built and maintained for it. However, these 
duestions, although very important from the standpoint of the general 
economy of a country, are outside the scope of this work. 


1.7. The mechanical engineer of the Railways is responsible for 
designing, building and maintaining the locomotives and other rolling 
stock. Where the prime mover is electricity he must co-operate with 
the electrical engineer. The building and maintenance of the rolling 
stock reguire well-eguipped workshops with a very wide scope, which 
must be efficiently run. The design of the rolling stock reguires a good 
understanding of the principles involved. 


1.8. The main types of motive power for railways at present are:— 


1. steam locomotives; 

2. electric locomotives; 

3. diesel locomotives with either electric or hydraulic trans- 
mission; 

4. gas-turbine locomotives, generally with electric transmission; 

5. electric motor-coaches; 

6. diesel railcars. 


1.8.1. Diesel railcars, whether the power transmission is electrical 
or hydraulic can be regarded as a variation of a diesel locomotive 
pulling a passenger train. To save weight and space and to gain certain 
other advantages the power units are built into one or more coaches 
of the train; the train thus consists of one or more motor coaches 
with trailer coaches interspersed. 


1.8.2. In the same way electric motor coaches can be regarded as a 
combination of electric locomotive and coaches. These, with trailer 
coaches interspersed, are used mainly for suburban and inter-urban 
services where the lines are electrified. 


1.8.3. Blectrification of a line reguires considerable additional capital 
outlay. 1t does away with the (relatively) numerous small boilers of 
the steam locomotives, which must be looked after individually and 
transported with the locomotives, and replaces them by one large 
power plant. It is often regarded as an inherent weakness of electrifiea- 
tion that any interruption of the power supply, whether caused by 
a failure of the central plant or of the transmission line, paralyses 
a more or less extensive part of the system. Also in cases of accident, 
where the power line has to be “dead” to allow for working on the 
line with eranes, etc. some form of motive power other than eleetrie 
must be available. Military considerations have always stressed that 
destruction in time of war would make electrified lines very vulnerable. 
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However, the experiences of the 1939-45 war seem to show that the 
overhead power line can generally be restored in the time redguired 
to repair the track and the modern practice of linking up several 
power stations would even provide for the case of the destruction of 
one power station. 

Where the gradients are heavy and the traffic intense electrifica- 
tion is generally an economic proposition in South Africa. Such 
conditions apply to the main line in Natal and the one running into 
the East of the Orange Free State; also the Southern section of the 
Cape Town main line; and the larger Reef area having due regard 
to its intensive passenger service and heavy coal traffic. Where there 
are long tunnels this is an additional argument in favour of electrifica- 
tion. Heavy suburban traffic is also a favourite field for electrification 
due to the higher capacity at peak periods and to the cleanliness. 


1.8.4. Diesel-electric locomotives have almost completely eliminated 
steam locomotives in the United States of America. On the European 
continent strong groups favour diesel-hydrauliec propulsion. In this 
connection two articles: '“Mechanische und Hydraulische Kraftueber- 
tragungen, ihre Leistungsfaehigkeit und Konstruktiven Merkmale” by 
Lampe, which appeared in “Eisenbahntechnische Rundschau” of Sept. 
1955, pp. 405-419 and “Dieselhydraulik und Diesel-elektrik” by Goessl 
in the same periodical of October 1955, pp. 483-497 are of special 
interest, especially the latter. It must, however, be borne in mind 
that they were written by members of the German “school” which 
developed and favours diesel-hydraulic. It can be accepted that the 
diesel locomotive, whatever the transmission, has come to stay; more 
especially is this the case in countries where oil is available and coal 
is expensive. Like the steam locomotive the diesel locomotive is 
independent of a central power supply and distributing power line. Which 
of the two types, steam or diesel, should receive preference depends 
largely on the relative costs of coal and oil and on the availability of 
the two types of fuel, especially in times of emergencies. Further 
considerations are: the availability of suitable water, the costs of 
maintenance and lubrication and, of course, capital costs. For South 
Africa with plenty of cheap coal and only expensive imported oil various 
calculations made about 1948 seem to indicate that generally there 
were no economic advantages in adopting diesel motive power in 
preference to steam for ordinary railway working. South West Africa, 
on account of its water difficulties and distance from the coal mines 
might be an exception. Another factor that would have a bearing 
on the subject is whether a diesel locomotive could be worked by a 
crew of one instead of two. A further consideration is that there might 
be a shortage of fuel oil in emergencies. 1f and when SASOL has 
increased its present visualized capacity very appreciably the position 
might be different. 'This is therefore not a @guestion that can be 
decided for all times, but one that must be examined from time to time. 
In making comparisons it must be remembered that the usual rating 
of a diesel locomotive refers to the power available at the flywheel 
of the diesel engine (after that redguired for the auxiliaries has been 
subtracted) and this value must be multiplied by 0.82, to allow for the 
efficiency of the transmission, when calculating the horsepower available 
at the rim of the driving wheels. 


1.8.5. 'The gas-turbine locomotive can still be regarded as being in 
its development stage. 'This is very much the case with the powdered 
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coal gas-turbine. In the case of oil fuel there are several running with 
promising results; they are much more efficient when the ambient 
temperature is low than when it is high, the efficiency falling sharply 
with increase of this temperature. 


2. THE STEAM LOCOMOTIVE 


21. The steam locomotive, while it has increased in size, has peculiarly 
enough, changed very little in its basie design since the days of 
Stephenson except for the introduction of superheated steam by Wilhelm 
Schmidt at the beginning of this century. The modern improvements are 
more concerned with detailed construction than with fundamental design. 
It consists of a steam generating boiler, including the superheater, the 
firebox of which is enclosed in water, a front end for creating the 
artificial draught, and a steam engine with the pistons driving through 
connecting rods directly onto the driving axles. 'The exhaust from 
the eylinders is led to the smokebox, or front end, where it is discharged 
through the blast pipe nozzle into the chimney and thereby induces 
an artificial draught on the fire in such a way that within a wide 
range the steam raised is eguivalent to the steam used, thus balancing 
the supply and demand automatically. 

Although the locomotive has been in use for over a century 
and it is generally assumed that the rules governing its construction 
and performance are well known to every railway engineer, one need 
only read the technical journals to realize that this is not altogether 
the case, as is shown by an article in “Railway Age” of 28th November, 
1925, headed “Mystery in Locomotive Design” (2) or to guote a recent 
“Raiway Gazette”: “the locomotive smokebox can hardly be regarded 
as a highly perfected piece of eguipment to do the work for which it 
is needed”. A concise and systematic development of the interrelation 
of the various factors governing the performance of the locomotive 
might therefore prove useful to engineers interested in the problem, 
for, although the steam locomotive may have disappeared in the 
U.S.A., it would appear that it will still be running in S. Africa for 
years to come. 


(2) See also RA. 21/7/83, p. 89; 10/3/84, p. 345; Bulletin June, 1934, p. 597. 
DEU THE BOILER 


2.2.1. 'The general construction of the boiler can be accepted as 
familiar and is best studied by taking existing examples and investigating 
successes and troubles experienced with them and endeavouring to 
find the reasons for the latter. It can be accepted that the troubles 
due to stays and plates breaking and tubes leaking must be sought 
more in deformations and stresses caused by varying temperatures and 
pressures than in the stresses set up by constant hard steaming. 
“Leaking Tubes” is often an excuse advanced by the driver when the 
actual trouble is “lack of steam” to reach the expected performance. 
Tubes may however start to leak genuinely (amongst other troubles) 
if a hot boiler is chilled suddenly by washing out with cold water 
or by throwing out the fire (especially on a cold night) and then 
running the locomotive about under its own steam, thus drawing 
cold air through the empty grate and tubes and setting up severe 
strains due to sudden changes of temperature. 
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2.2.2. The draught on the fire is induced by the vacuum created and 
maintained in the smokebox by the pumping action of the exhaust 
steam going through the chimney and insignificant as this fact might 
appear at first sight yet the whole performance of the locomotive is 
governed mainly by the effectiveness of this process. An exeeption 
to this general statement is the locomotive fitted with an atmospheric 
pressure condensing tender, as for instance a large number of the 
Class 25 locomotives of the S.A. Railways. Here the automatic draught 
arrangement is replaced by a fan coupled to an exhaust steam turbine 
driven by the exhaust steam before it is condensed; but the exhaust 
steam is still the factor producing the draught and the balance 
between supply and demand is still more or less automatic. 

2.2.3. The theory of the boiler, more especially the combustion and 
the transference of heat has been treated in a masterly way by 
Lawford Fry in his book entitled “A Study of the Locomotive Boiler”, 
a book which, unfortunately, is out of print and almost impossible 
to obtain. 


2.2.4. If R denotes the grate area in sdguare feet and B the weight of 
fuel (coal) fired per hour in pounds, then B/R is the FIRING RATE 
in pounds per sguare foot per hour. It is a measure of the “forcing” 
of the boiler and indirectly also a criterion of the effectiveness of 
the draughting arrangement. A fair average value is 100; if it is 
appreciably exceeded we get a rather low boiler efficiency); were 
coal is cheap and the basic price of locomotives is high it may be 
economic to go to higher values; (see also 2.7.10.). Much lower values 
naturally occur when the locomotive is not working to capacity, but 
if a locomotive is so designed that a much lower firing rate is 
utilized at maximum performance the grate is unnecessarily large with 
corresponding higher boiler weight. In special cases this may be 
justified. For instance, a limited number of class 16DA locomotives 
of the S.A. Railways were fitted with a grate of 60 sa. ft. instead of 
the usual 45 sd. ft. The underlying idea was that, assuming that 
the fireman can only fire a definite maximum weight of coal per 
hour, with a lower specific firing rate the boiler efficiency would 
be higher and conseguently a larger guantity of steam would be 
obtained from this maximum duantity of coal and therefore a 
higher performance of the locomotive would be obtained. 


2.2.5. While in this work the FIRING RATE (B/R) has been adopted 
throughout as the criterion of the extent to which the boiler is 
forced and this value is also the one used by Lawford Fry, the 
German school generally prefers to use the amount of steam generated 
per unit area of heating surface. If $ is the amount of steam 
generated per hour in pounds and we calculate with the average 
evaporation of 5.8 pounds of (superheated) steam per pound of coal 
(S. African) and B/R — 100, we have 580 pounds of steam per sa. ft. 
of grate per hour. With a ratio of heating surface (H) to grate 
area of 50 (the figure recommended by the German school) we get 
S/H — 580/50 — 11.6, which is very close to the figure of 12.3 
given by the German authorities as the recommended limit. However, 
making the FIRING RATE the basis of boiler performance seems 
in every way more logical and more suitable. In support of this it 
can be mentioned that the 16DA hboilers mentioned in the previous 
paragraph with 60 sa. ft. grate instead of the usual 45 sa. ft. (with 
the rest of the boiler identical) still gave the usual boiler efficiency 
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values if plotted relative to the burning rate (B/R); compare also 
Altoona Bulletin 21, p. 32: “Capacity of boiler is fixed by limitations 
of combustion on the grate and not by any failure of boiler surface 
to absorb heat.” 


2.2.6. 'The efficiency of the boiler (Y) is the total heat in the steam 
delivered by the boiler less that contained in the feed water divided 
by the calorifie value of the fuel fired during the time under con- 
sideration. If the efficiency is plotted against the firing rate the 
graph becomes a straight line with the exception of the part for 
firing rates approaching zero. While it is evident that the curve in 
this region must drop to zero, this part of it has no practical value 
and it is convenient to represent the graph as a straight line. Fry 
has further shown that the drop in efficiency with increased firing 
rate is due mainly to incomplete combustion and that the efficiency 
of heat absorption for a given boiler is almost a constant. 'This 
view is also supported by the fact that when on a certain stoker-fired 
locomotive of the S.A. Railways the rocking “finger” grate with 
$ inch spacing was replaced by a rocking “table” grate with $ inch 
holes with a total air opening edgual to 24% of the grate area the 
boiler efficiency increased from (0.55 to (0.67, both measured at a 
firing rate of 100 lbs./sa. ft.-hr. The steam temperature also increased 
by 60 degrees. In this connection see also '“The Class 25 Locomotive” 
by H. du Toit in “Proceedings of S.A.R. Engineering Society”, 1952/53. 
Vol. 12, p. 56. These facts would seem to indicate less loss of fine 
particles and also a more intensive combustion. It has further been 
suggested(3) that the loss due to incomplete combustion is a simple 
function of the volume of the firebox and that if the firing rate was 
expressed in terms of the volume of the firebox the efficiency would 
be the same for all boilers; this has however not been proved. 


2.2.7. Tt may be just as well at this stage to warn against any rash 
conclusions as to what alteration caused an improvement in boiler 
efficiency. As will be shown later (2.5.) there are often factors 
which are regarded as having no bearing on the guestion, and which 
are ultimately found to have an influence, so that it is guite possible 
that statements made in good faith are wrong because in deliberately 
changing one factor another, regarded as of no relative importance; 
was inadvertantly also changed. 


2.2.8. ITf H denotes the evaporating heating surface in sdguare feet 
measured on the fireside (American engineers often use the water 
side, which is about 10% bigger) and H, the superheater heating 
surface, measured on the steam side, in sduare feet the ratio H/R 
is often regarded as a criterion for the efficiency of heat transference 
(compare 2.2.6.). In the European countries this ratio is often bigger 
than in $. Africa where it generally lies between 47 and 55 (compare 
Table 2.8.18). It is assumed by some authorities that increasing this 
ratio inereases the boiler efficiency; however, the boiler of the German 
Mallet, Gt 960, was changed by increasing the pitch of the tubes 
in order to give better eirculation of the water thereby reducing the 
ratio H/R from 55 to 47 with the result that the boiler efficiency was 
appreciably improved”). Tests at the Altoona Test Plant are stated 
to have shown that increasing the evaporating surface by increasing 


the length of the tubes beyond 100 times their di Erdin 
little effect, ir diameter has very 
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2.2.9. Similarly some authorities regard the ratio H./R as a eriterion 
for the amount of superheat that will be attained; here again other 
factors that have an influence on the effectiveness of the superheater 
are the distance of the element end from the firebox tube-plate and 
the total length of the tubes and flues relative to their diameter; in 
very long flues the front part of the elements may be warmer than 
the surrounding gases of combustion and so act as a cooler; if in 
such a case we reduce the length of the return bend we reduce the 
value of H,, we do away with part of the “cooler” and we reduce 
the resistance in the flue, thereby drawing more hot gases through 
it; the expected result will be a higher superheat notwithstanding 
the reduction in the value of H.. The relation of the ratio length to 
cross-section of the small tubes and of that of the flues must also 
have some bearing on the dguestion. 


2.210. In this connection Wagner has set out the guiding principles 
to be followed). His method is based on the laws of fluid friction 
which state that the resistance to the flow of a fluid is proportional 
to the length of the tube and the perimeter of the surface touched 
and is inversely proportional to the cross-section of the tube. Stated 
the other way round this ratio becomes the cross-sectional area. 
divided by the total swept surface, or A/S, which is a function of the 
mean hydraulic depth. For a given drop in pressure between firebox 
and smokebox, the velocity or the relative duantity of combustion 
gases passing through the tubes and the flues respectively will be 
a direct function of this ratio. 


The value which Wagner recommends for the A/S ratio is 1/400 
and in the paper referred to he showed from actual examples how 
adherence to this figure coincided with the most efficient boiler. A 
test carried out in the S.A. Railways corroborated that for a given 
boiler the optimum superheat at the firing rate of 100 was obtained 
when the relative values of this ratio for the two sets of tubes were 
the same. For the small tubes this formula gives a more scientific 
basis for the well-known empirical ratio of length to bore — 100. 
Whereas, however, in the past there has been a tendency to consider 
this figure a maximum and to assume that a lower figure than this 
was preferable the A/S ratio confirms that no figure appreciably lower 
than 100 should be worked to since otherwise too much heat is lost 
through the chimney. 


For the superheater flues the surface touched is the sum of 
the inside area of the flue plus the outside areas of the superheater 
element tubes, whereas for the eross-sectional area the cross-section 
of the flue less the cross-sections of the elements must be taken. 
Where different values obtain for lengths a, b and c of the total 
length, 1, the corresponding values of the cross-sectional areas must 
be multiplied by a/l, b/l and c/l respectively and added together to 
give the weighted average over the whole length, whereas the sum 
of the respective touched areas is taken as the total touched area. Hence 


HE EA br AE 
SolsPuS) Es) 


A/S — 


The A/S ratios for a number of representative satisfactory boilers 
were tabulated and it was found that a fair tolerance on either side 
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of the optimum 1/400 is allowable. In some long boilers it was 
observed that the ratio for the large tubes, or flues, tends to be less 
than 1/500. 'This is due to the reluctance to exceed the largest 
diameter of the flue tubes usually adopted, namely 5% inch. It would 
be logical to make this diameter bigger in long boilers and so obtain 
a better and a stiffer flue tube, or alternatively to introduce a 
combustion chamber. 


2.2.11. While the ratio dealt with in the preceding paragraph will 
determine the ratio of the length and cross-section of the tubes and 
also the corresponding measurements of the flues to ensure a proper 
balance between the two sets of tubes, the sum-totals of the cross- 
sections must be sufficient relative to the grate area to ensure that 
the gases of combustion generated will be able to pass through the 
combined openings without too much drop in pressure. Judging from 
boiiers that are known to be satisfactory (see Table 2.8.13.), the total 
cross-sectional area should preferably be 138% to 15% of the grate 
area. Generally weight considerations make it difficult to reach this 
percentage with the large grate areas used in South Africa and 
values as low as 12% and even lower must be used. 'To get an idea 
of the speeds involved we have the following approximate figures: It 
is shown later (2.3.10.1.) that for B/R — 100 the volume of mixed 
combustion gases per saguare foot of grate per hour is 34,848 cubie 
feet at 600 degrees Fah., which is the approsimate temperature in 
the smokebox. At this temperature the specific density is (0.0885 
Ibs./cub. ft. When entering the tubes the temperature will be much 
higher, depending on various factors, and the volume will be roughly 
double, but the density correspondingly only half the value given 
above. Dealing with the smokebox end we get for a 100% opening 
a speed of 34,848/3,600 — 9.7 ft./sec., hence for: 


15% we get 65 ft./see. — 44 m.p.h. 
138% we get 75 ft/sec. — 51 m.p.h. 
12% we get 81 ft. /sec. — 55 m.p.h. 


at the smokebox end and about double these values at the firebox 
end; from this it will be appreciated why we have to strengthen the 
element ends to withstand the sandblast effect of the char carried 
over from the grate. 

There is no point, however, in obtaining big eross-sectional 
areas at the expense of crowding the tubes together. Allowance must 
be made for water eirculation and the minimum water space between 
tubes would appear to be # inch; in bad water districts this should 
preferably be more, both to give good ecirculation even with scale 
deposits and to give stronger bridges in the tube plate to allow for 
repeated expansion of leaky tubes. (Compare 2218) 


2.2.12. As the steam generated must pass through the superheater 
elements with as little pressure drop as possible the total eross-sectional 
area of the elements must bear a reasonable relation to the amount 
of steam generated. When the boiler is working at its full capacity 
(say B/R — 100) the speed of the steam through the elements should 
not exceed 40 ft./sec. This. consideration together with the foregoing 
will more or less determine the various tube dimensions after the 
approximate lengths have been determined from the preliminary wheel 
arrangement and wheel diameter. 
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2.2.13. Sometimes there is a tendency to put the water level high in 
the barrel in order to obtain a larger firebox tube-plate and thereby 
more tubes. It must, however, be borne in mind that the bubbles of 
steam must rise through the water surface and furthermore that a 
large percentage of the steam is generated around the firebox and 
must travel forward to the dome or steam collector in the segment 
between the water surface and the top of the barrel and calculations 
will show (and this has been confirmed by photo's taken inside a 
steaming boiler) that the steam travels at tremendous speeds here. 
To avoid priming the average speed of the generated steam emerging 
through the surface of the water should not greatly exceed 0.1 ft./sec. 
Priming of course depends also on the nature of the water and the 
amount of dissolved solids and can be largely influenced by certain 
treatments; this, however, is a subject by itself and reduires very 
careful study. 


2.2.14. Tt has been suggested by some writers that the ratio of the 
firebox volume to the grate area is a criterion for an efficient boiler; 
while some test results, if selected judiciously, seem to support this 
theory, others can be found which seem to prove the opposite. 
Similarly some designers say that a combustion chamber is advantageous 
while others(é) point out that this is a very expensive element from 
a maintenance point of view and allege that it is unnecessary if the 
boiler is otherwise correctly designed; with modern steel fireboxes 
and the welding process many of the difficulties disappear and the 
combustion chamber is used to overcome the disadvantages of overlong 
tubes and the difficulty of complying with the Wagner ratio. 


E@Y Ery, DA 50. 

(2) Fry, p. 55. 

(3) RAME. July, 1927, p. 407. 

(4) Organ 15/7/27, p. 927. 

(5) Z.V.D.I. 1929, p. 1217; Journal LE. 1929, No. 98, & 19388, No. 144, p. 384. 
(6) Wagner: Journal LE. 1930, p. 14. 


2.3. BLAST PIPE and OHIMNEY 


9.3.1. 'The evaporating and superheating parts of the boiler so far 
discussed together account for the generating of the steam by the 
absorption of some 50 to 70% of the heat contained in the coal fired 
From here the steam goes to the cylinders of the engine to do 
the useful work of driving the wheels and propelling the train. The 
steam is then exhausted through the blast pipe and the chimney 
where it plays a further very important part. 


2.38.2. 'The principle of inducing draught on the fire by directing 
a jet of exhaust steam into the chimney was used by Trevithick in his 
engine used on the Merthyn 'Tidwell Railway and this was described 
by Davies Gilbert to Williamson Nicholson in a letter of the 6th of 
August, 1805. Nicholson patented a similar arrangement, using fresh 
steam, in 1806. 'The proportioning of the smokebox and more 
particularly the blast pipe and chimney is still one of the details of 
locomotive design which shows great variations with different Railways 
and locomotive builders. 
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2.3.3. 'The names best known in connection with this “puzzle of 
locomotive designers” are Zeuner, Goss and Strahl and in addition 
the S.A. Railways with its 8/-6” gauge and heavy gradients can claim 
to have done some very successful investigation of this problem. 
Zeuner laid the foundation to the theory of the locomotive chimney in 
his book published in Ziirich in 1863 and an article in “Zivilingenieur” 
in 1871. Goss in his classical experiments with the “Schenectady” 
described in chapter XI of his book “Locomotive Performance” published 
in 1909 put new life into the guestion. Strahl, guided by the results 
of both, has, by his experiments of 1905 and 1908 followed up by 
careful theoretical investigations of the results, thrown fresh light on 
the subject at least as far as non-articulated locomotives are concerned. 


2.3.4. THE THEORY developed by Zeuner and Strahl2) is followed 
very closely here; even the metriec units are used and the final results, 
where necessary, adapted for British units. 

Let L — weight of gases of combustion, kg./sec. or Ib./sec,, 

S — weight of steam emitted from blast pipe, kg./sec. or Ib./sec., 
B — amount of coal fired per hour, lbs. or kg., 

R — grate area, sduare metres or sguare feet, 

A 


, — area of air openings in ashpan, sag. metres or sg. feet, 
A, — area of gas passage through tubes and flues, sg. m. or 
sa. TE, 
A — area of blast pipe cap, sd. metres, sa. ft. or sg. ins., 
A, — area of chimney at its narrowest part, sa. m., sd. ft. 
or sd. ins., 
A, — area of chimney at its top, so. m., sa. ft. or sg. ins, 
A, — area of openings in spark arrester, sg. m. or sd. ft, 
| — length of tubes, mm. or ins, 
m — internal diameter of tubes, mm. or ins, 
d — diameter of blast pipe cap, mm. or ins, 
a, — resistance figure of ashpan openings, 
a — resistance figure of the fire, 
a, — resistance figure of the spark arrester, 
b — resistance figure of the tubes for saturated engines, 
b, — resistance figure of the tubes for superheated engines, 
k — total resistance figure, 
h —. height of neck of chimney above blast pipe cap, mm. or ins., 
h, — heigth of top of chimney above blast pipe cap, mm. or ins, 
D, — ' diameter of chimney at its neck, mm. or ins., 
D, — diameter of chimney at its top, mm. or ins., 


P,, P,, P,, ete. — pressure at points 1, 2, 8, ete. kg./sd. m. 
— mm. of water, 


P — atmospheric pressure, kg./sg. m. — mm. of water, 

d —. specific weight of exhaust steam, kg./cub. m. or Ib./cub. ft., 

v — specific volume of exhaust steam, cub. m. /kg. or cub. ft./lb., 

d, — specific weight of exhaust steam and smoke-gas mixed, 
kg./cub. m. or Ib./cub. ft. 

V, — specific volume of exhaust steam and smoke-gas mixed, 
cub. m./kg. or cub. ft./lb,, 

r — general resistance figure for fluid friction, 

u — velocity of mixture of smoke-gas and exhaust steam after 


mixing, metre/sec. or feet/sec., 
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u — ditto at top of chimney, 
u, —. ditto at neck of chimney, 
w — velocity of fluid generally and steam at blast pipe cap, 


metre/sec. or feet/sec,, 


For fluid flowing on same level we have generally:— 
P, —P, — rw2/2g:; 


If we assume the constants a, b, ete. to contain the factors for 
reducing weight to volume as well as the factors r/2g, we get 
for ashpan: (P —P,) — a, (L/A,)? 
for fire: (P, — P,) — a (L/R)? 
for tubes: (P, — PP) — b (L/A)?* 
for spark arrester: (P, —P,) — as (L/AS? 
or Er — POSE RS Si (1) 
here k Aa. Ra AE a Fa, (RAAD (RADE or so (2) 
Allowing for change of temperature and hence change of volume and 
velocity in the tubes, b must be of the form x 4 y(l/m) and from 
theoretical considerations and experiments Strahl put 
b— (8 4 1/m)/200 for saturated engines 
and for Schmidt superheaters b — 2/8 b as calculated from the 
smaller tubes. From what has been said in 2.2.10. above there would 
appear to be no reason for making b, — 2/8 b; in fact if the Wagner 
ratios for the two sets of tubes are the same b, should logically be 
edgual to b. While (see 2.3.13.) checking on certain measurements seems 
to support that b and b, should be egual it would appear, however, 
that Strahl's figure of 200 (ie. 41 in British units) gives too high 
a value for the resistance of the tubes. If we adopt his suggestion that 
b — 2/8 b, ie. if we change 41 to 60 for saturated and superheated 
boilers, we seem to get a better agreement between theory and actual 
measurements on an average. 
The work necessary to bring the mixture of gas and steam from 
the smokebox to the outside atmosphere is 
(4 t SE v,x (P—P,) mkg./sec. 
and the losses are: 
(a) friction in the chimney, which is neglected; 
(b) impact loss due to steam, with upward velocity w, striking 
the smoke-gas with velocity practically zero in the upward 
direction, giving a resultant velocity u; 
(ce) impact loss due to this mixture having to change its veloeity 
suddenly from u to u,; 
(d) kinetic energy of issuing mixture at mouth of chimney, viz,, 
(EES) us. 
Putting the velocity of the gas egual to zero we have 
(LO (zz w) EL ES) 
or u—Sw/(L H $) 
and the loss due to impact (b) — S.w2/2g — (S H L). u2/2g. 
'The loss (c) due to the sudden change of velocity may be estimated 
from the analogy of fluid flowing through a pipe which suddenly 
inereases in diameter and is egual to 
(S H LU — UIE. 
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Summing up (b) and (ce) and substituting for u we get 
($ 4 1L).(MU —u/g 4 SwA — SIT L). Uu2/2g 

— Sw/%e —(S 4 LISWY/(L * S)22g HS T L) [Sw/(L 4 S$)-u,]2/2g 
(LT YSw — Sw H SLw —AAL FT S)SWUu, dd (Ls) ME 


N 2g (LT S) 
ss Lu HS8 (N — UIE. 
The energy available to do the reguired work and overcome all these 
losses is that of the exhaust steam and is edual to Sw?/2g. 
Henee Swig — (Li SAP EI AE ES MS 
Lus De ES OT Ui 2E. 

Now AW — SV ABSA SE (LT SV 
or w.— SV/A; u, EE (LATS) VAAG OU Ao ae 
Therefore (P — P,).v(L H $) — Sw/2g—(L *H $).u2/?2g — Lu,*/2g 

— S(W. — 2wu, * Uui?)/28 

— [Swu —(LTYUUY—(L H 8) /2/g 


Hence 
1 S.SVv.v, darABs (kat SEE (La ESE 
(P —P,) —— se Es — EE EE 
v,g AA, DA AE BA,” 
1 S2V.V, arie) AA, 
EE 
vig AA, BA,” AA,” 


Substituting for (P—P,) its value from eguation (1) and putting 
MIE old kvlA AG) Jo Eie od. HÊ. (3) 
according to Zeuner, we get 
gk. (LR: — SAA —VLL TH SM/A 
or 
gk. (L/S — v. (R/A). (R/A) — MV (1 LS (R/A)? 
gk.(L/S8) IM vis(tols SV (RY AGE 
OT R/A — —EEEEEEEEE 
v. (R/A,) 
vOR/A,) 
and AfR — — EE 
VM (hd LUS OA EE IE 
multiplying the numerator and denominator on the right hand side by 
(A,/R)2/v, and putting v/v, — e and g/v, — 981 g, — E, 
@Af 
we get A — —EE ed ee (4) 
M.'(1 L/S) Ek SE (AR)? 
2.3.5. This is the fundamental eguation for calculating the size of 
the blast-pipe cap. As A and A, are both areas and the constituent 
parts of the denominator are all ratios it follows that we can work 
in British units, if desired, and the product Ek must be without 
dimensions and therefore E and k must have inverse dimensions. 
E has dimensions 
(m/sec.”) x (kg./m2) — kg. see.-?. m2. 
therefore k has dimensions kg.. sec.”. m2. 
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To reduce this to Ibs.1. sec.2. ft? we must multiply by 4.88, ie. Strahl's 
values of a and b must be multiplied by this figure. Hence for 
British units 

b — 488 (8 4 1/m)/200 

— (8 H 1/m))/d 
but see also 2.3.4. where it is pointed out that b — (8 4 1/m) 60 agrees 
better with local test results; and a — 488 x 0.7 — 8%. 
These values will be examined more eritically later (see 2.8.18.). 


2.3.6. Zeuner has endeavoured to show that L/S is practically a 
constant(S) and further that it is independent of the pressure in the 
exhaust pipe; this means that it is immaterial whether the exhaust is 
constant or in puffs or, if in puffs, whether they come from two 
or three cylinders(”. However, this is contested by Mr. Stanier(5), 
who suggests “that a three cylinder engine always seems to reguire 
a smaller blast-pipe cap than one would expect”. 'The fact that 
a Garratt reguires a smaller blast-pipe cap than calculated by this 
formula also seems to suggest that, due to the egualizing effect 
of the long exhaust pipe the jets are flattened out and we can use a 
smaller cap; or alternatively it can be argued that due to friction in 
the long exhaust pipe there is a loss in back pressure (which can be 
measured) and this is the factor that makes a smaller cap necessary. 


2.3.7. Strahl made use of this (alleged) fact to investigate certain 
points relating to the chimney by blowing steam straight through 
a steam chest from which a piston valve had been removed. The 
author has made similar “standing tests” by drawing one or more 
pistons of the Hendrie by-pass valves, uncoupling the combination 
lever, setting the valve in a suitable position and then opening the 
regulator. While this “standing” method of obtaining boiler efficiences 
at different firing rates presents no difficulties in itself, if the obvious 
precautions are taken, the values so obtained do not agree with those 
obtained by “running tests” and the inference is that the vibrations 
and jolts caused by running on the track (or a test plant) must have 
a noticeable effect on the fire or on the steam bubbles detaching 
themselves from the boiler surfaces or both. Probably also the exhaust 
beats have an influence on the fire in that the intermittent lifting action 
affects the combustion and helps to shake out the ash. Another 
difference, although probably of no influence on the boiler efficiency, 
is that the exhaust steam is highly superheated due to the throttling 
whereas after expansion in the cylinders it is only very slightly 
super-heated. 


2.3.8. I1t is remarkable that Goss by his experiments arrived at 
exactly the same results as Strahl by his theoretical investigations. 
The former's results are summarized as follows in “Mechanical 
Engineer” of November 1925;— 

“Tt was shown that a tapered stack was preferable to a straight 
one. (Edguation (4) above also shows this, as M is bigger for a straight 
than for a tapered chimney.) While a draft pipe (i.e. a second petticoat) 
would improve the action of a stack, which was too small, no com- 
bination of draft pipe and stack would give better results than a 
properly proportioned stack without a draft pipe. Tt is also shown 
that the draft producing action of the exhaust steam was independent 
of the intermittency of the exhaust, the essential factor in the suction 
produced being the guantity of steam exhausted”'. 
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This summary could be used edgually well as a summary to Strahl's 
treatise except that a few words would have to be added regarding 
the relative position of cap and chimney. 


(1 


— 


“Locomotive Engineering” by Zerah Colburn & D. C. Olark. Published by 
William Collins, 1871, p. 14. 

(2) Compare Z.V.D.I. 19138, p. 17389 and Bulletin 1920, p. 319. 

(3) Compare RA. Oct. 1934, p. 845. 

(4) Compare Bulletin June, 1934, p. 598. 

(5) Journal LE. 19388, No. 144, p. 410. 


2.3.9. RELATIVE POSITION of BLAST-PIPE and CHIMNEY 


By removing the chimney and studying the shape of the jet while the 
engine was standing (as explained in 2.3.7.) and then repeating with 
the chimney in position, Strahl came to the conclusion that the jet 
first diverged in a cone with a taper of 1 in 4 and then, when the 
chimney influenced it, it was constrained to a cone with taper of 1 in 6 
in such a way that it appeared to issue in a cone of 1 in 6 from an 
oriface 3% inch bigger in diameter than the actual nozzle. In this 
connection it is of interest to compare pp. 428 and 429 of the “Journal 
of the Inst. of Loco. Engineers” No. 144, July-August, 1938, where 
results of similar tests are shown. While it is difficult to test the 
correctness of this statement under actual running conditions it is 
proved indirectly by the fact that where the relative position of the 
cap and chimney is determined by assuming it to be correct, 
saticfactory results are generally obtained. (The exceptions can 
generally be accounted for by some special disturbing influence.) 


To ensure that proper draughting is obtained we must, in 
addition to determining the size of the blast-pipe cap and of the 
chimney as explained previously and subseguently, make sure that: 


(1) the jet does not strike the edge of the chimney at the bottom; 
in this connection a fairly big bell-mouth is advantageous; 


(2) the jet strikes the inner wall of the chimney before it reaches 
the top. 

This last condition is necessary to seal off the chimney against 
the drawing in of outside air along the inside perimeter and is the 
difficult one to fulfil in the case of the modern large boilers placed 
so high that there is very little room left outside on the top for the 
chimney, which must be pushed well into the smokebox. Cases have 
actually been found where a piece of waste held at the top edge of 
the chimney, while the engine was steaming, was sucked into the 
smokebox with the outside air that was drawn in. 'This difficulty 
can sometimes be avoided by having two (smaller) chimneys and 
blast-pipes as has been done in France (and elsewhere). 

Stated mathematically the above conditions are '— 


(1) d 4 34” 4 h/6 must not be much larger than D, and certainly 
not larger than the diameter of the bell-mouth; if it is a 
second petticoat becomes necessary and this — compare 
summary of Goss's results (2.3.8) — is the only case where 
a second petticoat is of any use as the author had repeated 
opportunities of proving; 
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(2) d 4 347 4 h,/6 must be larger than D, 
or better still 
dis aKDE BG SS D; 


In this connection it is assumed that the blast-pipe below the 
cap is straight for a reasonable length and its cross-section appreciably 
bigger or tapers down from a cross-section appreciably bigger than 
the cap or nozzle opening ;where this is not the case the position may 
be altered; (compare Journal LE. 1938, No. 144, p. 427.) 


With the modern big boilers it is generally difficult to get the 
cap low enough, when using chimneys and caps of ample size to give 
a free exhaust, and a useful remedy that will often offer a solution 
is the use of “knives” or “Goodfellow tips”, ie .triangular-shaped pieces 
of metal projecting over the edge of the cap into the blast; four 
about # to 3 inch broad projecting 1 to 14 inch tend to spread the 
blast in a virtual cone of about 1 in 4, so that the denominators under 
(2) above become 4 instead of 6. In addition the cap diameter must 
be increased proportionately to compensate for the part of the cap 
opening blocked by the knives. 


2.310. In order to use eguation (4) in 2.3.4. above the process of 
combustion must be studied somewhat nearer to determine the values 
of L/S, e, and E. 


EIGURE 2:3. 19: 


93101. 'The average analysis of Witbank coal (Natal coal is very 
similar except that it has 3% less ash; similar values are therefore 
obtained by making B/R 3% smaller) is:— 
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C —7T18, N—17,HE89, $ 102, 0 — 827, 
water — 1.0 and ash — 12.7 per cent. 
Fry) shows that for small percentages sulphur can be treated as 
carbon, hence”2):— 


1 lb. C reguires 11.5 Ibs. air and produces 12.5 lbs. gas 
72.8 Ib. C reduires 837 lbs. air and produces 910 lbs. gas 
1 lb. H reguires 34.6 lbs. air and produces 45.6 Ibs. gas 
2.9 Ib. (H-O/S) ,, 100 lbs. air and produces 103 lbs. gas 
1 lb. H H 8 Ib. O produces ee de 9 lbs. gas 
Of the 103 lbs. 2.9 x 9 — 26 is water vapour and the balance, 77 is gas; 
in addition we have 9 Ibs. combined water and 1 Ib. water from the coal 
as well as 1.7 Ib. of N. 
Totalling up we get 
theoretically: 
air — 937 lbs, dry gas — 989 Ibs., water vapour — 26 lbs. 
34% excess: 
air — 318 Ibs., dry gas — 318 Ibs, 
moisture and combined water ? EI water vapour — 10 lbs. 


Total air — 1,255 Ibs., dry gas — 1,307 Ibs., water vapour — 386 Ibs. 


The density of smokebox gas is O.0845 Ib./c. ft. at 32” Fah. 
the specific volume is 11.8 GELD at 32 Ha 
— 25.5 c. ft./Ib. at 600” Fah. 

the specific volume of steam — 26.8 G. Tt./1b. at 212” Wahl 
— 42.2 c. Tt./lb. at 600” Fah. 

therefore 1,307 lbs. of gas — 83,329 cub. ft. at 600” Fah. 
and 36 lbs. of steam sd ELI) cub. ft. at 600” Fah. 

so that 1,343 Ibs. mixed gases — 34,848 cub. ft. at 600” Fah. 


this is produced by 100 lbs. of coal and its specific density is 
1,343/34 848 — 0.0385 Ibs./cub. ft. 

For coal of similar analysis Fry gives the amount of mixed smoke 
gases as 13.4 lbs. per I1b. of coal ACTUALLY BURNED at a nominal 
firing rate of 100 lbs. per sa. ft. per hour, so that the assumption of 
34% excess air is about correct. 


2.810.2. 'The calorifie value of the coal is about 12,000 B.T.U.; the 
average boiler efficiency (Y) — 84 — 0.22 B/R, hence for B/R — 100 
we have Y — 62% and for steam at 200 Ibs./sd. in. and 600” Fah. the 
actual evaporation (Z') is 5.8 1b./lb. Al these figures depend on the 
burning dualities of the coal and at best are approximations to the 
average. Selecting results from Fry's calculations for similar coal, 
we get:— (compare figure 2.3.10.) 


B/R — 50 100 150 

Y Per cent. — 178 62 51 

Ib. gas/lb. coal burned — 147 13.4 12 

Ibs. of coal burned ss dA6 79 98 

hence: gas/R — 676 1,058 1,175 

steam/R — 849 580 715 
L/S — 198 1.83 1.65 

per cent. — 108 100 90 
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For saturated steam the actual evaporation (Z), corresponding to 
ZA — B.8, is 6.44 hence for saturated steam we have :— 


steam/R — 880 644 795 
L/S — dT 1.64 1.48 
per cent. RS 100 90 


Compared with the wide range of the firing rate the variation in the 
L/S ratio is small. As we know, however, from experience that a front 
end which is satisfactory at a given firing rate is also satisfactory 
over a considerable range above and below, (the small variation in the 
L/S ratio seems to explain this) we need only consider figures for a 
firing rate of (say) 100 lbs./sa. ft.-hr. 


2.3.10.3. In order to find e — v/v, we will assume) that the exhaust 
steam after leaving the nozzle is at atmospheric pressure and in the 
case of saturated engines contains 10% moisture, while in the case 
of superheated engines it is superheated 20” Fah. and we then have :— 


saturated superheated 

v — 268 x 9/10 — AUA1 21.6 oe. El 

a — 0.0415 0.0362 1b./c. ft. 

sp. weight of gas — (0.0385 0.0385 Ip./c. ft. 
spec. vol. of gas — 34848/1343 — 26 Poe EI 


26 x 1,058 4 24.1 x 644 26 x 1,058 H 276 x 680 


V, — 
1,058 -H 644 1,058 -4 580 
— 95.25 26.6 ce. ft./lb. 
d, — 0.0396 0.0376 1b./e. Ft. 
e—VVL—y/d — 0.966 1.04 
E — g.a, ss PIE jieil 
E.(L/S)* — 1275(d.64)? d.21(d 83)? 
— 843 4.05 
dd KS) se 8 (very nearly) 


Strahl gives E as lying between 5 (i.e. 1.05) and 6 (i.e. 1.23) but he 
puts it egual to 6 and L/S egual to 2 and then makes a final adjustment 
to eguation (4) by changing e until the right nozzle size is found, 
in the case of some engines, where the front end is known to be 
satisfactory; the value of e was then found to be unity. Although 
some such method of finally checking edguation (4) seems necessary, 
it is considered preferable to keep the values for L/S and HE as 
found above and only adjusting e if necessary. Putting in these 
values and applying to some successful engines we get e — .75 and 
11 respectively and we have for: 


HT. 
superheated engines A — —— GE GE EE es ee (4) 
SM -H Adk(A,/R)? 
0.75 A, 
and saturated engines A — —— SE Es Ee (4a) 


TM * BAk(A,/R)? 


The rather appreciable difference between the value of e as deduced 
from the theory of combustion on the one hand and the emperical 
application on the other in the case of saturated steam is difficult 
to account for except by the general uncertainty of what takes place 
during combustion or (more probably) it must be aseribed to the 
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fact that the saturated engines still in use have usually a relatively 
small grate area and are worked to a firing rate much higher than 100; 
as shown in the tabulated values in 2.3.10.2. this makes L/S and hence 
also E. (L/S)? and (1 4 L/S)? smaller. From this it follows that 
if we keep the values obtained for B/R `— 100 we must make e 
smaller also to match. 


Another anomoly is noticed in the case of the articulated engines; 
in the case of the Mallet type A can only be made 80% of the area 
calculated. In the case of the Garratt types it should not exceed 70%. 
In this connection see 2.3.6. 


(1) Fry, page. 18. 
(2) Fry, pp. 118 and 114. 
(3) Compare various Altoona Bulletins and Garbe p. 629. 


2.31i. BIGGEST CAP AND CHIMNEY 


The duestion often arises whether by increasing the size of the chimney 
of a given locomotive the blast-pipe cap can be appreciably increased 
and thereby the back pressure reduced. It is evident from eguation (4) 
that A and A, are interdependant on each other. Let x and y be 
dguantities depending on the L/S ratio, then if we put 


AB — ey VEEM . Ee (5) 
and AR — M/VBEEM — VADER Mas (6) 
and substitute these values in the fundamental eguation (4) 
e.y exyvy M/E,k) 
we get ———— EE EG) 
V (EKM) MT ii ES) 2 sd iS 


y is a minimum when dy/dx — O; therefore differentiating eguation (7) 
with respect to x and eduating to zero we have 
simas TREE MES KOS MA AK (8) 
vr mase) EE dr OE LS IS ES (9) 
For tapered chimneys of the usual proportions M is about 0.8; sub- 
stituting the value of 1.83 for the ratio L/S in eguation (8) we get 
X(max.) — 1.55 
and from edguation (9) 
y(max.) — 1/10.85 


hence from eguations (5) and (6) for A and A, in sguare inches and 
R in sguare feet: 


1 ss 144 EE 
A (max) — 
10.35 v (121 x 0.8 k) 
ASE BAVE. Oo EO 
A, (max) — 155 R x 144 vy (0.8/121 k) 
— 189 RAVE oak ad. (11) 


Eaguations (10) and (11) give us the approximate values for the 
largest possible chimney and the corresponding cap; it will be found 
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from a few concrete cases that a chimney a few inches in diameter 
smaller than the maximum gives almost the same cap so that it is 
not necessary to go to the absolute maximum with the chimney, 
provided the cap is near the maximum, i.e, the back pressure is almost 
the lowest it is possible to obtain, compatible with good steaming. 


2.3.12. 1t will be seen further from eguation (4) that A increases if M 
decrease, hence a tapered chimney will allow of a bigger cap than 
a cylindrical chimney with a diameter egual to that of the narrowest 
part (the choke) of a tapered one; furthermore the bigger the taper 
the smaller M is; also the longer the chimney for a given taper the 
smaller M becomes. 'These facts were proved experimentally by Goss 
(see 2.3.8.). With modern boilers the chimney cannot be made very 
long; about 14 to 1% times the choke diameter is the limit. The taper 
adopted varies from 1 in 8 to 1 in 12; theoretically 1 in 6 would be 
the best value but then the arrangement would be very sensitive to any 


error in the relative position of cap and chimney as can be seen 
from 2.3.9. 


2.8.13. DRAUGHT RESISTANCE THROUGH BOILER 


Tt is desirable to be able to check the constants in the above 
formulae for the various resistances by comparison with test results. 
The following would appear to be a method of doing this. Eaguation (1) 
in metric units was (P — P,) — k(L/R):; where P is measured in 
kg./sdg. m., ie. millimetres of water. Now from the above (2.310.1.) 
for a firing rate of 100 lbs./sd. ft.-hr. 

L/R — 1,843 Ibs./sa. ft.-hr. 
— (1,843 x 4.88) /3,600 kg./sd. m.-sec. 
— 1.82 
also k (British units) — 4.88 k (metric units) 
If therefore we measure P in inches of water and the other factors 
in British units also, we have the following relation: 


(P — P,) ins. of water x 25.4 — (1.82)*. k/4.88 


Therefore (P — P,) ins. water x 874 — k ...... (1a) 

Hence if we know the draught through any element of the boiler at 
a firing rate of 100 lbs./sa. ft.-hr., we can deduce the resistance 
figure by multiplying the draught by 37.4; in this way we can get 
the various components of k as given in eguation (2) and if we know 
the ratios we can calculate a,, a, a, and b. 'Table 2.3.13. has been 
prepared for some boilers for which data were available. For values 
Of A, and A,; see 2.4.4. 


93132. From this table it will be seen that, on the whole, there 
is some measure of agreement between the resistance figures based 
on actual draught readings and those that have been calculated. 
Putting b, — b seems justified and as pointed out above (2.3.4.) this 
must be so if the Wagner ratios are egual; also if Strahl was correct 
that b, (for superheated boilers) should be # of b (for saturated 
boilers) then it would appear justified, putting both b, and b egual 
to (8 4 1/d)/60; and this has been done in Table 2.3.13. 


9.3138.3. 'The resistance of the fire depends on the type of coal 
(baking or not), on the type of grate and on the way of firing (thick 
or thin). Strahl's figure of 63 seems slightly low for hand firing (the 
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more so if ashpan resistance is included) and for South African con- 
ditions 75 for the fire and 15 for the ashpan would be a better average 
for hand firing and 60 - 15 for stoker firing, as here the fire is 
usually kept thinner. 


9.3134. 'The resistance of the spark arrester and baffle plate is 
another doubtful guantity or, more correctly stated, it varies appreciably 
with the type of front end used. Strahl gives 35 for German conditions; 
the arrester is generally made of thick wire mesh of inverted cone 
shape enclosing the blast-pipe cap and the bell mouth of the chimney. 
The rectangular box type made of thick wire mesh, formerly much 
used in S. Africa has a low resistance to start with, but as it gets dirty, 
ie, clogged up, the resistance gradually increases giving values of 
about 50 and in some cases much more. 


Table 2.3.13. attached 


The baffle plate front end, also known in America as the “Master 
Mechanics' front end”, now generally used in S. Africa can be made 
self-cleaning with a resistance of about 80 or less. See also 2.3.15. 


2.314. SHORTER METHOD OF DETERMINING THE SIZE OF 
OAP AND CHIMNEY 


While the rather elaborate method dealt with above may be useful 
for the very close study of the draughting arrangements it is fairly 
laborious to apply and for a duick oversight under average conditions 
the following method is fairly satisfactory for determining the size 
of the blast-pipe cap and that of the chimney:— 


For a firing rate of 100 the amount of steam generated is 580 lbs. 
per sguare foot of grate per hour. This is uitimately exhausted through 
the blast-pipe and has a specific volume of 27.6 cub. #t./lb. (see 
2.8.10.3.) and if it has to go through a hole 1 sd. in. its speed will be 

580 x 27.6 x 144/3,600 — 640 feet per second. 

The mixture of exhaust steam and gas must go through the chimney; 
its volume is derived as follows:— 


the volume of the gas is (see 2.3.10.1) . 84848 ce. ft 
the volume of the steam is 580 x 27.6 — el 15 405 ETE 
total volume is oe RA N ee es Pe OO NE 


If this has to pass through a hole 1 sg. in. its veloeity must be 
50,256 x 144/3,600 — 2,010 ft. per sec. From these values Table 2.3.14. 
has been prepared showing the ratio of the area of the cap in sguare 
inches to the grate area in sguare feet and the corresponding veloeity 
of the steam and also the ratio of the area of the chimney in sguare 
inches at its narrowest part to the area of the grate in sguare feet 
and the corresponding velocity of the mixture; the values are so 
arranged that approximately corresponding values for the cap and 
the chimney (see eguation (4)) are in the same line. The lowest nozzle 
veloeity is about 800 to 850 with a corresponding chimney veloeity of 
300 to 320 ft./sec. with a cap size of 0.80 to 0.75 sa. in. for every 
sa. ft. of grate and a chimney size of 6.7 to 6.3 sa. in./sa. ft. and the 
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Table 2.3.13 
Values for Various Boilers at B/R — 100 ID. /sa. ft. 
k—374K(P—Py) inches of water. 
K—a(R/Aa--a-tras(R/As? DR /A)” 
—k (ashpan)--tire--k (spark arrester) -Hk (tubes) 


Aa —1O6KA, (see Table 2.4.5) 
—1-O4 A, for “long loops” 
— 1085 Ar, for “short loops” 


American Locomotives South African Railways Locomotives 
Saturated Superheated Superheated id # j E 
N IE GE ES rs [was | rs | DA | ma | isA (15CA| tes | 16C | 18 | 19C | ED) 2 su [an | Gr |GEA | GF. 

R sa. ft. a9.3 [36-6 | so-0 | 47-0 | sg-0 | ss-0 | 70-0 | 9-0 | 70-0 | 40-8 | 36-5 | 40-0 | 48-0 | 36:5 | 36:5 | 60-0 | 36-0 36-0 | 63:0 | 69:3 60-0 zoo | 74-0 |s2:0 [44-0 
Ashpan: Aa ME oe oz | er | re | sed (PT AE || Aa. | ss i : 1 Ve 
R/Aa MEE SG ia es | es | oo || ss EE — | Ts . s LE 
(P—P) EE iS oi os | oo [os [oz | oi] 2 Ee SETE EEU REEL ET GM ER 
a(R/ASE-. EE oo 3 ia | 7s |a00 (oo lus || — | 22:5 SE N re Ë $ 
as 0-a3 | 0-14 | 0-77 | o-19| 0-28 | 0-16 | 0-37] 0:39 | 0-37 0-27 | 2) er Ee 
(P—P) ME ie Moi ie oa [1e | 13 | IS aas SE FEE Aa — 1 | EEN. ai er " 
a 33-6 | 30-0 | 71-0 | 79-0 |101-0 | 90-0 | 60-0 | 49-0 | 71-0 Mr 45-0. | 60-0 MA MSF '& s 
(P—P,) EE EE 2 Fo oe Ma ao aa sa aa | as | 33 | 30 | 22 2a (Es Ts REEL ENE 
Ma os o (510 (200. | g2-0 M12-0 | 970. | 90-0 | 75-0 | 82:0 J103-0. | 90-0 | 90-0 | 94-0 j124-0 (20 | 820 | EP (sos. | 61-0 | 67:0 |67:0 | 600 (450 — me 
tubes: d (outside) 2 7 2 ed ” IE ENE I TED, MAER EN 2 er | 21 2 KREEF 2 
m Ee ee n Ve 1E || 22 | 2 2E | 22] 202) 202 | EA) 0 | AA ar (ear TIETE Ti | 1-7 
I 6 [mez6 ligo-o as0-0 lae3-0 63-0 laae-0 |227-0 28-0 a16-0 |aag-0 28-0 240-0 2190 190-0 247-0 242:0 20 270-0. 229-0 216-0 164-0 174-0 140-0 4 
ede  -|-|V-]- n SE SG Is EE s | ss | ss Ee N as Ti 
TE. D Gosido .| — PadE AMEN ss ses. sos seias| Se1as| s1as| seios| S-1asl s-125| 5-12S| S-125 s-125| 5-12 2s| s-125| S-12 
ae Er | si | sae | 718 | 96 | 7:98 | 8-4 | g-aa| 9-0 | 5-70 | det | 4-5 | 601] SAT a-a9 | s1 | 439 | 439 | 721 | 8-74 6-60 | s.a | 9-18 | 828! 7 
es. n | sos | sss| 7e 104 | gar | ges | 895 | oess| 5-03 | a-aa| 4-72 | 624| 5-38 | 4-92 | 6-OS| 427 AT | 78 | g.ag | 6-BS| os |g-97 | 7 
R/Aav EE AE EET TA EDE NEER EIE VER LIELOREN NE ss | ad gee | ee | PA s8 s 
MG iss | iss | maa | 219 | 2:3 | 1reg| 2-0 | 2:0 | 20 | VOE 20 20 | 2:13 | 192 | 17 | 218 | 1-91] 1-91 2-12 | 1-82 | 1-92 | 1-49 | 1-76 | 1-45 mm 
BRAY. GO RD ase sa |7-0 | 71-0 12-0 Jue-o Ji07-0. | 91-0 ji15-0 J4s-0 J126-0 | 89-0 12-0 14-0 07-0 (107-0390 7:0 (18-0 | 65-0 | 96-0 |d9-0 | 44-0 
P.P) Mm iS ed ss as sa (SS ae aa eo (oa aa | 8 | 2e | 1 R EED SERE RES TE 
k (tubes) .. sg |[zs eo meso haso [sto 91-0 2060 J1ss:0 |138-0 20-0 | 82:0 (39-0 Ji0S-0 | 970 16-0. (10570 7:6 139-0. I16-0 J139-0 | 860 MO —|— 
(P.—P) ER aa en se ei Ma2 ae oi 11) om Oo | OB) 13 13 0-8 AE as | eo. es d 
| (spark arrester).. | 18-7 | 90-0 | as-0 [16-0 [260 [2320 J135-0 (1769 70 |as0 | ao |aro | 260 |1s-0 [15-0 [30-0 | 49-0 | 49-0 | 30-0 | 71-0. | 52-0 23-0 | As-( - 
S/Aay (tubes) "ae ETI EE sos ase [as [as — sr | aer |asar ]a2 | 4e aos | 510 | 37 ERA 
S/Aav (flues) ET — 3 Es Es Es EE — | 431 | 552 | 538 | sal [zee | ses | aae | aas | am | aog [ 434 | 3% 389 | 259 | 323 
AR—% io (ea (aie (154 128 (13:0 [13-6 | 145 (13-2) He8 | 130 | MAT 185 01 s3 iss (ma Vas aa |asa2 Via | 17 18-2 
H/R — — — — — els | ses | ese | 57-5 | 60-0 |az-0 | sa-0 | 51-0 [So | Sa-0 | 49-0 | 47-0 | 44-0 a6-0 |so-0 | 46.5 
HUR EE BE -|— 6 Mias aie (aas [aan | ae Via Via Wu io | 6 tos |u |us 70 | 10-8 
ENE || es [ees | eo | so | sa | oi | 9) 2 || eis) elo | 60 | 60 | eis || 60 | oe | 70 | eas | es0 | 700 | s 

T Y (boiler) % 'E | s7 s8 s7 61 ss & 


smallest chimney 5.0 sa. in./sd. ft. with a velocity of 400 ft./sec. and 
a corresponding cap of (0.56 sd. in./sa. ft. giving a veloeity of 1,150 


TABLE 2.3.14 
Velocity of Ratio Velocity of Ratio 
Steam in cap Area cap, sg. ins. | mixture in chimney: Area Chimney, 
feet /sec. tOR, sg. ft. feet /sec. sg. ins. to R, sa. ft. 
650 0-98 240 8-4 
700 0-91 260 el] 
750 0-85 280 Je2 
800 0-80 300 6-7 
850 0-75 320 6-3 
900 0-71 340 5-9 
950 O0-675 559 S-.7 
1000 0-64 370 sd 
1075 0-60 385 52 
1150 0:56 A00 5-0 
1200 0-54 420 A-8 
1250 0-51 440 4:6 
1300 0-49 460 AA 
1350 0-475 A80 4.2 
1400 0-46 500 4-0 


ft./sec. When the nozzle velocity exceeds 1,000 ft./sec. appreciably 
the back pressure becomes high and it probably pays to fit a larger 
chimney and so obtain the possibility of enlarging the cap opening. 
As stated before in the case of Mallets the cap must only be 80% 
of the area calculated and in the case of Garratt's about 70%. 


24. SPARK ARRESTERS 


LI 
HE 
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2 


FIGURE 2.4. 
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2.4.1. With the dry climate and high winds experienced over long 
periods in South Africa the long grass of the high veld, the sugar 
plantations, the wheat fields and the ever increasing forests must be 
carefully protected against fire and care must be taken to prevent 
the emission from the chimney of sparks that could start such fires. 
Special attention must therefore be given to the guestion of finding 
an efficient spark arrester that will prevent live sparks from reaching 
the ground. Formerly a rectangular box-type spark arrester made of 
wire mesh was used. 'The wire mesh was damaged comparatively 
easily and in addition char collected in the smokebox and ultimately 
choked the arrester; also, if there were leaks in the bottom of the 
smokebox, air was drawn in and the char started burning with 
resultant overheating of the arrester and the door. The baffle plate self- 
cleaning front end or “Master Mechanic's Front End” as it is known 
in America (see “Master Mechanic's Front End in “Boiler Maker 
and Plate Fabricator”, September, 1936 pp. 236—240, and “Loco- 
motive Front End Arrangement” in “Railway Mechanical Engineering, 
August, 1936, pp. 339-345) has been found much more effective, if 
correctly proportioned, and is now used almost exclusively in South 
Africa. 'The general arrangement is shown in figure 2.4. 'The base 
plate, which is without perforations, is more or less on the level of the 
cap base and extends right across the smokebox; the back plate, also 
without perforations, similarly extends across the smokebox above the 
base plate; the front of the “arrester box” is made of perforated plate; 
this plate is usually inclined about 30” to the vertical and has 
perforations 7/8 by 3/16 inch in a plate about 3/16 inch thick and 
the long axis of the holes should preferably be horizontal. At the 
front bottom corner a baffle plate inclined about 45” is attached in 
order to get the correct openings D and C; and, if necessary, a 
similar baffle can be used at the back, but this should be avoided 
if at all possible. Systematic tests carried out in America) have 
shown that the sparks that can pass through the 7/8 by 3/16 inch 
slots and are then blown out through the chimney are so small that 
by the time they reach the ground they have burned out and cooled 
to such an extent that they will not ignite or even badly scorch 
cotton wool and that therefore such “spark arresters” are effective 
preventers of fire, 


2.4.2. Tn the articles referred to in the previous praragraph (they 
are both extracts from the same Report) it is stated “that there is a 
definite and necessary relation of these areas (the various areas 
traversed by the combustion gases) to each other . . . It has been 
considered logical, therefore, to use one of these areas, namely the 
minimum nett gas area through the flues and tubes, as an index to 
which the other gas areas should be compared”. In the above “Report” 
the relative values were given in percentages of the minimum nett 
area. In addition it was stated that F (Fig. 2.4.) should not be 
less than 30 inches and not very much more either. 


2.4.3. Tn order to check these values extensive tests were carried 
out by the S.A. Railways on locomotives Classes GEA, 19D and GE 
and compared with the values of the ratios as given in the A.A.R's 
latest “Manual of Standard and Recommended Practice”. For the 


majority of proportions good agreement was found and the final values 
as recommended are as follows:— 
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ei 


Area Limits Preferred 
A 95 to 110 95 
B 80 to 95 85 
G 65 to 80 | 75 
D 150 to 170 160 
BE 120 to 140 | 130 


me 


2.4.4. Tt would appear even more logical, in view of what has been 
said above, to compare these areas with the grate area as that factor 
has been accepted as the basis of boiler performance. Before, however, 
reducing these ratios to terms of ratios with regard to the grate 
area we must examine the ratio R/A, more critically. Putting A — 
area of gas passage through tubes and flues, (as was done in 2.3.4.) 
does not define it precisely enough for the case of superheated boilers. 
For the flues there are really three such areas, namely :— 


(a) that prevailing over the major middle length of the flues and edgual 
to the inside bore area of the flue tube less the sum of the eross- 
sectional areas of the element tube (usually four of 14 inch diameter) 
multiplied by the number of flues; these dimensions are usullay given 
in publications giving the main dimensions of a locomotive or in 
“locomotive diagram books”; 

(b) the actual “weighted average” of the various cross-sectional 
areas over the whole length of the flue tube as determined for A in 
the Wagner Ratio (see 2.2.10.) multiplied by the number of tubes. To 
determine this value it is necessary to have more detailed information 
of the flue tube and the superheater element in it; 

(c) the smallest of these cross-sectional areas which is generally the 
swaged down portion fitted into the firebox tube plate multiplied 
by the number of flue tubes. Here again a detailed drawing of the 
tubes is reguired. 


2.4.5. To get an idea of the relative numerical values under (a), 
(b) and (c) the values for the S.A Rlys. Standard Boiler No. aB 
(class 23) were calculated. Actually the superheater has “short return 
loops”; for comparison purposes values were also calculated for “long 
return loops” of an assumed length of 183 inches instead of the 
actual 87. 'Tabulating the values and denoting the total value of 
A as calculated for both flues and tubes under (a) by A,, that under 
(b) by A,, and that under (ce) by Amim we get — 


Short loops Long loops 
Area % Area % 
A, 7-21 100:0 di 2 100:-0 
Aav 7:82 108:5 7:50 104-0 
ETE EE SR ELS EE OGE REIS 
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While, naturally these ratios will be different for different hboilers 
the above relative values can be accepted as a first approximation. 
Without detailed drawings it is not always known whether the elements 
have “long” or “short” loops but if we adopt 

A, — 106% of A, 
this will be near enough for those cases where the type of loop is 
not known; In this way the values of A, in Table 2.2413. were 
calculated (except in those cases where full details were available). 


2.4.6. Returning now to the three classes of locomotives for which 
actual tests were carried out, we have:— 


Class GEA 19D GE 23 

R 52-0 36-0 44-0 63-0 

A, 8-28 439 6 uat 
A min Calculated 7-38 3-07 6-82 6-55 
1OOA mn/Ar 80-5 90:5 92:5 91:0 
ER 7:03 9-15 6-45 9-63 


From this it will be observed that the ratio A,m/A, is very nearly 
that found for the standard No. 3B boiler, namely 91%, but the ratio 
R/A im, varies so much from boiler to boiler that it would not appear 
advisible to take averages and convert the ratios given in 2.4.3. to 
ratios relative to the grate area until further tests have been carried 
out to clarify this point. 


(1) “Fire Losses Locomotive Sparks” by L. W. Wallace, ME, published by 
Barr-Erhardt, Inc, New York, 1998. 


2.5. BRICK ARCH 


Another important section of boiler design is the brick arch, its 
dimensions and position relative to the grate. Tt has long been 
recognized that it is essential to have a brick arch in the firebox. 
Here too the A.A.R. (in the Report referred to in 2.4.3.) has given 
certain guiding dimensions; these have been checked and supplemented 
by tests carried out on the S.A. Railways and the opening between 
the top edge of the arch and the firebox roof should be between 
110% and 130% of the minimum nett gas area through the tubes: 
if this area is too big the fire is inclined to burn in spots only and 
there is an inclination to pull holes in the fire at high burning rates. 
Tt has further been found that the edge of the brick arch should 
be approximately eduidistant from the ends of the grate and that it 
should be sealed against the tube plate and the sides of the firebox 
with no holes in it. Another variable is the inclination of the brick 
arch to the grate and it would appear that the best inclination is about 
30 degrees to the surface of the grate and that this value is rather 
important. 1f we change one of the variables mentioned above inten- 
tionally and in doing so also change one or more of the others without 
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realizing that they also have an effect on the combustion on the grate 
we can easily draw wrong conclusions from our tests (compare 2.2.7.). 


2.6. THE ENGINE OF THE LOCOMOTIVE 


2.6.1. When dealing with the boiler we specifically dealt with the 
conversion of the water into steam and with the exhaust steam on its 
way into the atmosphere. Between these two stages it passes through 
the cylinders and does useful work. 


2.6.2. Assuming that we have a certain supply of steam the next 
duestion is what we can do with it. 
let d — diameter of the cylinder in inches, 
s — stroke of the piston in inches, 
p — mean effective pressure, ie. the average pressure of the 
steam on the piston in Ibs./sd. in, 

D — diameter of the driving wheels in inches, 
then, neglecting the small area lost owing to the piston rod, the work 
done by the steam on one side of the piston during one revolution 
of the wheels is p.r.d*.s/4 inch-Ibs. Hence the work done on both sides 
of the pistons of two cylinders during one revolution of the wheels is 
p.z.d?.s inch-Ibs. But if F;, is the Indicated Tractive Force, ie. the 
average tractive force exerted at the rim of the driving wheels for an 
ideal machine without friction, the work done during one revolution 
of the wheels is F,.r.D inch-lbs. Eguating these two expressions for 
the work done we obtain the following eduation: 

BE pis DE ME ele de &) 
(d. s/D) — CC is often designated as “the feta of the engine” 
and is that factor by which the mean effective pressure (M.E.P.) must 
be multiplied to give the theoretical tractive force. Generally 

C — (n/2)(di.s/D), 

where, in the case of simple engines, n is the number of cylinders; in 
the case of compound engines n is the number of low pressure cylinders, 
d their diameter and p is the ME.P. in the case of simple engines 
or the sum of the ME.P. of the low pressure cylinder(s) plus the 
ME.P. of the high pressure cylinder(s) reduced in the ratio of the 
cylinder volumes in the case of compound engines. 


2.6.3. Now this theoretical tractive force has to overcome friction in 
the moving parts (pistons, crossheads, connecting rods, etc.), rolling 
resistance, friction in the main journals, friction in the carrying journals 
and the air resistance (on a testing plant the last two fall away and 
this must be borne in mind when using the results obtained on such 
plants) and finally to pull the train. 


2.6.3.1. 'The air resistance depends on the exposed surface of the 
locomotive and (for the usual speeds) the saguare of the speed; it is 
generally assumed to be proportional to the projected area, which 
for modern locomotives is practically egual to the loading gauge; to 
allow for head winds it is advisible to add (say) 12 to V, the speed in 
miles per hour. 'The air resistance for a modern locomotive is then 
approximately egual to 0.156 (V 4 12): lbs. 


9.6.3.2. For the carrying wheels (engine and tender) the total journal 
and rolling friction is about 4.5 lbs. per ton. (N.B. Unless otherwise 
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stated short tons of 2,000 lbs. are used throughout, although in 
“Diagram Books” the axle loads are usually given in long tons.) 


9.6.3.3. For the driving wheels the friction is more difficult to 
determine as apart from the friction due to the axle load there is the 
friction on the axle bearings due to the continually changing steam 
forces and in addition we have the friction in the driving mechanism and 
the additional friction due to the constraint introduced by the coupling 
of the wheels. Various ways of estimating these factors have been 
tried. One classical method tried by Zanzin and others is to find on 
which down gradient a hot locomotive will just continue to roll down 
if started; another (which in effect is the same) is to push a locomotive 
in front of a dynamometer coach and measure the resistance; another 
fairly common one is to find the difference between the “drawbar 
pull”, as measured by a dynamometer coach, and the indicated tractive 
force found from indicator diagrams. The first two have the great 
disadvantage that the cylinders act as compressors and have a 
braking effect, even with bye-pass valves; removing the connecting 
rods is a doubtful attempt to improve the method. With the third 
method we get the total friction of the locomotive as a comparatively 
small difference between two large guantities and the experimental error 
becomes relatively very pronounced. Any track gradients or slight 
changes in speeds will further complicate the matter. On a test plant 
we have steady conditions, repeated readings can be taken for the 
given set of steady conditions and the air resistance and resistance 
Of all the carrying axles fall away and the method becomes more 
accurate. 


2.6.3.4. Nordmann, in discussing the difficulty of arriving at the 
true resistance of a locomotive, points out the errors in the indicator 
diagrams due to the elastic extension of the string at high speeds?. 
He suggests further that by plotting various values of the “drawbar 
pull” on the level for the same speed and also the corresponding values 
of the “indicated pull” supplemented by the “indicated pull” when the 
engine is running light it is not only possible to deduce the basie 
resistance but also the increase in friction due to the increase in 
drawbar pull; however, he points out?) that the results are by no means 
conclusive and that, while the factor given by Strahl (see 2.6.3.7., factor 
X) as eguivalent -to .O04 is by no means improbable, there are enough 
exceptions to show that this is certainly not a universal law. 


2.6.3.5. Based on the results of various tests Obergethmann (Nord- 
mann's predecessor as professor for locomotive engineering at Charlot- 


tenburg) gave the following formula for the total resistance of the 
locomotive with tender:— 


W 2. 0.106(V 12) TH BG ao 004 MIK EES 


where W — total resistance of locomotive and tender in Ibs., 
Gis total weight of locomotive and tender in short tons egual 


to G, plus G, below, 


a — 82, 3.7, and 4.0 for six-, eight-, and ten-coupled engines 
respectively. 
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Strahl's formula?) is: — 


WO oG, 'T eG, F O0156(V N 12) 04 By AN. EEN AS) 
where G, — weight on carrying wheels in short tons, 
G, — weight on driving wheels in short tons. 
c — a factor having the following values: 
Number of coupled wheels .. 4 6 8 10 
Two cylinders .. se sie 11:6 14:6 16-8 18-6 
Four cylinders .. 1; 1. 12:0 15:0 (2 19-0 


If we compare these two formulae we will see that for average con- 
ditions, as they existed in Germany in 1910, Obergethmann's formula 
is really the same as Strahl's; for with a boiler pressure of 180 
Ibs./sd.in. and an adhesive factor of 1 : 4.5 based on a tractive force 
calculated with the maximum M.E.P. egual to 75% of the boiler 
pressure we have:— 


45 x 185C — G, Xx 2,000 


or C — 3838 G, 
hence 5 G,tH a C—B(GTG)H88BaG —BG 182 G 


(for ten-coupled engine). 

As, however, Strahl's formula is more logical and better suited for 
analysing test results it will be adopted and it only remains to 
examine his factors critically. 

2.6.3.6. 'The factor for G, will be the same as that for heavy trucks 
as most of the carrying axles have wheels and journals very similar 
to those of trucks and it would be more correct to assume a value 
of 4.5 instead of 5 Ibs./ton. The factors of F;, and G, are the two 
difficult ones to determine; they can probably be arrived at best by 
studying the results of the Altoona Tests, as here the other parts of the 
resistance have been eliminated and also a steady set of conditions 
exists. However, it must be borne in mind that there are (apart from 
the possible indicator errors) two possible sources of error. The one 
is that at high speeds the plant sometimes started vibrating and the 
tests could only be run for a short while, so that the bearings were 
probably not at normal temperature; the other is that at the higher 
“drawbar pulls” the engines sometimes approached the limits of the 
test plant and errors, amongst others due to the wheels not being 
exactly vertical over the centres of the carrying rollers, might be 
introduced?. 


9.6.3.7. 'The following method of analysis of the results was adopted:— 
on the test plant W — c G, H XF, 
EE BAG, EP ap, 
but for any given locomotive G, and C have fixed values and therefore 
a fixed ratio to each other, so that we can put 
cCG,—bC. 
If we further put WE pe. C, 
where p,. is that part of the M.E.P. lost by friction, we have 
BESEER sP 
or P.—bEIP 
where b—eG/C 


453 


If now for the various tests we divide the frictional loss by C to get 
P. and plot these values over the corresponding values of p, we can 
determine b and also see whether 0.04 is the correct value of x. This 
was done for all the locomotives for which data were available and, as 
was to be expected for all tests where friction is involved, the points 
did not lie on a distinct curve but were spread over rather a wide band. 
Endeavouring to draw a straight line graph to represent the average 
values of these points, it appeared that in some cases the factor x 
must be bigger than 0.04, for several it was about right and for some 
it showed an inclination to be zero or even negative (compare Nord- 
manms similar remarks with regard to German tests results as given in 
“Organ” of 15/5/80 page 247 and referred to in 2.6.3.4.) There can 
be little doubt, however, that these latter cases must contain some 
experimental error. It was therefore assumed that x — (0.04 is correct 
and the next step was to draw a line at an angle complying with this 
value and giving the best average of all the points, in order to 
determine b. It was noticed that occasional points were much higher 
than the average; as some or these were specially remarked on in the 
Test Bulletins as tests run after the locomotive had been standing and 
the bearings were, conseguently, cold”), they were ignored in drawing 
the graphs. In this way the values for column 8, Table 2.6.3. were 
obtained. 


9.6.3.8. 'The table of Strahl for the values of c, when corrected 
by plotting them relative to the number of coupled wheels and the 
curve smoothed and extended, becomes :— 


Number of coupled wheels .. d | 6 8 10 
Two cylinders .. .. 12:6 | 14:6 16:6 18:6 
Fourcylinders.. .. 13-0 | 15-0 17-0 21:0 


From this table the Strahl figure, column 38, Table 2.6.3., is taken. 
From column 9, Table 2.6.3., we find that the average ratio of b(actual) 
to b(calculated) is 1.14 for oil-lubricated, and 1.74 for grease-lubricated 
engines. From this it would appear that the Strahl figures should be 
15% bigger than he assumed and that in addition grease-lubricated 
engines have a frictional resistance half as big again as oil-lubricated 
ones. Hence the final formula for engine resistance becomes:— 


WE43G, Hei, T 0156 (MA1) H O0LEIN ER. Ho ED, 


where c has the following values for oil- and 50% bigger for grease- 
lubricated engines:— 


Number of coupled wheels .. d 6 8 10 
Two cylinders .. 3 ie 14-4 16-8 19-1 21-4 
Four cylinders .. ” oe 15-0 17:3 19-6 21-8 


— EE ee ee 
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9.6.3.9. 'The Dynamometer Car of the S.A. Railways is eguipped with 
an accelerometer, which shows the combined gravity and acceleration 
component in lbs. per ton. Multiplying this figure by the weight of 
the engine and tender we get this combined component on the engine 
and tender in Ibs. The sum of this figure and the “Drawbar Pull” at 
that particular point, as registered by the dynamometer, is the 
eguivalent of the drawbar pull on a level at constant speed. When 
taking a set of indicator diagrams a signal is transmitted to the chart 
on the dynamometer car table so that the exact point can be located; 
from the diagrams the M.E.P. is deduced and hence F';, can be calculated. 
'The difference between this value and the edguivalent of the drawbar 
pull on the level at constant speed gives the value of the engine 
resistance. Although, as explained before, the experimental error 
involved is appreciable yet the values determined from a number of 
observations seemed to justify accepting the above formula eguation 
(15)) for practical purposes. 


(1) Organ 15/5/80, p. 244. 

(2) Organ 15/5/380, p. 247. 

(3) Strahl, Steuerung, p. 63. 
(4) Altoona 82, p. 70. 

(5) St. Louis 300 1I1, 80 revs. 


2.6.4. THE RATED TRACTIVE FORCE and SIZE OF THE 
CYLINDERS 


9.6.4.1. 'The (rated) Tractive Effort, as it is often called, or (rated) 
Tractive Force, as we prefer to call it, is the engine constant, C, mul- 
tiplied by 75% of the boiler pressure (the Americans generally use 
85% and the Germans sometimes only 60%) and is looked upon as 
the figure which is characteristic of a locomotive. It is often assumed 
that this force is the maximum available for moving engine and train 
at slow speeds. If we take the ME.P. as obtained from big cut-offs 
(75 to 80%) at slow speeds and substract the engine resistance from 
the indicated tractive force as calculated from this ME.P., we get 
approximately this value; generally, however, these conditions can 
only be obtained when going up a (steep) gradient or when accelerating 
so that the gravity component, or the acceleration component, or both 
must be substracted from this value before we get the drawbar pull 
(behind the tender) and hence this Rated 'Tractive Force is very rarely, 
if ever, actually registered as “Drawbar Pull” in the dynamometer car 
tests on the track but it can be measured on test plants. 


2.6.4.2. It can also be proved, either by taking indicator diagrams and 
deducing the tangential diagrams or by actual measurement of the 
drawbar pull on a test plant, that a two cylinder engine working at 
60% cut-off and exerting the same average drawbar pull as another 
of egual adhesive weight, which (due to smaller cylinders) has to 
work at 80% cut-off to give that drawbar pull, has a smaller variation 
in the actual values of that pull; from this it follows that the actual 
maxima of the pull are bigger in the latter case and the former machine 
will have less tendency to slip when working under the same conditions 
as the latter; however, its rated tractive force will be bigger and 
if the load is increased accordingly it will be at a disadvantage; but 
with the same load it will be the better machine and less prone to slip. 
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2.6.4.3. This brings us to the controversial subject of the size of the 
cylinders. With some designers it is customary to make the cylinders 
of such a size that the Adhesion or Adhesive Factor, ie. the ratio of 
the rated tractive force to the weight on the driving wheels, is 1 : 4 
or 25%; the motive is to prevent slipping when starting with an 80% 
cut-off. In countries where much rain and snow occur this ratio is 
even reduced to 1 : 5 or 20%. In the case of (arratt locomotives the 
general practice seems to be to make the adhesive factor 25% for the 
locomotive without supplies (at least up to comparatively recently), 
Which certainly results in the ceylinders being too small for South 
African conditions, as will be shown later. The terms “over-boilered” 
or “over-cylindered” are much used in rather a loose sense, as con- 
ditions can always be found where one or the other can apparently be 
applied with justice. 


2.6.4.4. 'The following seems the logical method of determining the 
relative sizes. Having ascertained the maximum axle-load the track 
will permit, we must decided on the number of driving wheels according 
to the reguirements; the number of carrying wheels will generally be 
determined by constructional details and to get the necessary carrying 
capacity for the boiler. Compatible with the weight thus allowable the 
largest boiler possible should be used as the steam can always be used 
to advantage in an age where greater speeds are continuously being 
demanded. The evaporating heating surface can be restricted to 50 
times the grate area, or even less, so as to get a comparatively large 
grate (compare 2.2.8.). The size of the driving wheels should be 
determined from the usual and maximum speeds so that speeds of 
more than 10 to 12 miles per hour for every foot of diameter will 
be the exception. 'The engine constant should be fixed so as to 
give an adhesive factor of 1 : 3.8 or 26.3%, or even 27%, and from 
it and the diameter of the driving wheels the volume of the cylinder 
can be determined. (On sections, where there is much heavy pulling 
it may even be better to make use of the 65% maximum cut-off with 
the well-known device of a few 4 inch holes in the valve liners to 
act as starting ports. In the latter case the rated tractive force must 
be calculated as about 70% of the boiler pressure multiplied by the 
engine constant.) It should, however, be mentioned that the actual 
ME.P. at any cut-off changes not only with the speed but also due 
to other factors and is therefore somewhat arbitrary, (see also 2.7.6.). 
It will be found that an engine so designed can exert the largest 
pull it is capable of doing regularly without slipping and sanding at 
about 60 to 65% cut-off and can therefore certainly not be called 
“under-cylindered”; as furthermore it still uses the steam with reason- 
able economy at cut-offs approaching these values, we get fair speeds 
up the banks and having made the boiler as big as weight restrictions 
will allow the locomotive cannot be termed 'underboilered”. 


9.6.4.5. 'The values arrived at thus must then still be examined 
eritically in the light of the following developments with a view to the 
services expected of the engine and slight adjustments may be neces- 
sary. Shunting engines should have an adhesive factor not exceeding 
1 : 4 as they must often start under load at 80% cut-off. In the case 
of fast passenger engines in flat countries with easy gradients adjust- 
ments may also be necessary. For countries like South Africa, where 
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the banks are heavy and numerous and the locomotives should generally 
be suitable for both passenger and goods services, the method suggested 
will give the best proportions in most cases. 


2.1. LOCOMOTIVE PERFORMANCE 


9.7.1. Often when performance is referred to the tractive force that can 
be exerted at a given cut-off and speed is accentuated. As will be 
explained later this is of minor importance as generally the cut-off 
can be increased, if reguired. What is important is the maximum 
performance with the available steam. 


97.2. We have F, — p.C (see 2.6.2.). 
and if V is the speed, in miles per hour, at which this force is exerted, 
we get the Indicated Horsepower, N;,, from the eguation 

N. — V.E,/85 ee en rg De Re ES 


If $ is the steam consumed per hour in lbs. the steam per indicated 
horsepower-hour, @, is given by 
— 875. S/V.E;, idees Ve baaierd 


Similarly by substracting the engine resistance from the indicated 
tractive force we get the “drawbar pull”, F, and can calculate the 
steam (and coal) consumed per “Drawbar Horsepower-hour”. 'The 
drawbar horespower, effective horsepower and similar expressions are 
sometimes used somewhat loosely and the values must be examined 
more ceritically. 


2.7.3.1. A locomotive test plant consists of rollers (which are braked 
in some way) which can be spaced to correspond to the spacing of the 
driving wheels and on which the driving wheels rest while the carrying 
wheels are supported on rails at exactly the same height (so as not 
to disturb the weight distribution). A dynamometer is fixed rigidly 
in such a position that the drawbar, usually attached to the tender, can 
be coupled to it. It is then possible to run the locomotive at any desired 
constant speed and power by regulating the roller brakes; such a test 
run under steady conditions can be continued for (say) half-an-hour 
or an hour and the coal and water consumption noted; the drawbar 
pull can be measured; indicator diagrams can be taken at regular 
intervals; the draught at various points in the boiler can be observed; 
etc. Such a plant was first built for the St. Louis Exhibition and 
later transferred to Altoona, U.S.A. The figures in Table 2.6.3. are 
based on results of tests carried out on this plant. Since then other 
similar plants have been built but the test results have not been 
published or made available generally to the same extent. 


2.1.3.2. The “drawbar pull” measured on such plants corresponds to 
the force (or couple) for determining the “brake horsepower” as 
measured on other power engines and we can thus for a given run 
determine the “indicated horsepower-hours” and the “brake horsepower- 
hours” as measured at the rims of the driving wheels. Stated mathema- 
tically 
F (drawbar) — F, —OA EF, —eG, 
lt is therefore different from the “drawbar pull” as registered in track 
tests in the dynamometer car, where 
FEE—O4F,—eG—45 G —056 (VIDE 
T or — any gradient and acceleration component. 
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The former should perferably be called the “Force at the Rim of the 
Driving Wheels” and designated F,. 


2.7.3.3. The “drawbar horsepower-hours” for any given run is cal- 
Culated by measuring by planimeter or integrator the area under the 
“drawbar pull” curve relative to the distance travelled and represents 
the work done by the locomotive in pulling the train. It will be 
appreciated, however, that the locomotive as a power plant has also 
done work in moving itself. Whereas on a test plant it is possible 
to arrange for a fixed set of conditions right throughout the run and 
thus get definite values for the indicated tractive force, F,, the force 
at the rim of the driving wheels, F,, and so calculate the indicated 
horsepower-hours and the horsepower-hours at the rim of the wheels, 
namely N; and N,, it is not possible to determine either of these 
constantly varying values in the case of track tests. It is also difficult 
to carry out proper boiler tests. Aftempts have been made on fairly 
level tracks to utilize electric locomotives working in regeneration as 
load to get constant conditions, but such tests are difficult to run 
and very expensive. By running tests over a suitable section with 
different loads the following method has been used with fair success 
for boiler tests: A sensitive pressure gauge is fixed in the cab and 
connected to the blast pipe. A constant back pressure indicates a 
constant amount of steam being exhausted and therefore generated by 
the boiler. For each particular test run a certain back pressure (com- 
patible with the load) is selected and whenever the engine is steaming 
the driver regulates his cut-off and speed so as to run steadily at this 
back pressure. A record is kept of the “steaming time” ie. when the 
regulator is open and it is assumed that when the regulator is closed 
very little or no coal is burned or steam generated. In this way a 
reasonably accurate boiler test is obtained. But the difficulties regard- 
ing the various tractive forces still remain. While F(drawbar) and the 
drawbar horsepower-hours (as measured in the dynamometer car) can 
be determined and hence the coal and water consumption relative to this 
value the figure so obtained is of little value as a comparative figure, 
as it varies, amongst other things, with the ratio of the weight of 
the locomotive to the weight of the train. In order to get a more 
comparable unit of comparison an artificial unit has been introduced. 
If we regard the locomotive (including the tender) as partly a power 
generating plant and partly a constituent part of the train that must 
be moved and reduires the same force per unit weight to be moved as the 
train and enhance the drawbar pull in the ratio: (weight of train and 
locomotive/weight of train) we get the “effective force”, F.r, to move 
the whole train, i.e. inclusive of the locomotive; similarly if we increase 
the drawbar horsepower-hours, as obtained from the integrator on 
the dynamometer table, in the same ratio we get the “effective horse- 
power-hours” and hence the coal and water consumption per effective 
horsepower-hour for the run. This unit varies very little, if at all, with 
the ratio of the weight of the locomotive to the weight of the train 
and is therefore a much better unit to use for comparisons. 


9.7.3.4. 'To get theoretical clarity on the comparative values of the 
different tractive forces (and hence different horsepower-hours involved) 
we will examine them a little closer mathematically. Neglecting any 
gradient and acceleration component, which might exist and will 
ultimately cancel out, we have:— 
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Es Es O0d Emo 
FsFE—O04FB-—eG—-4S5 G—-O0l5s6 V- 12) 
— EF 45 G— 0156 (VA 2): 
Feg— FOX (Grain F Gtoco) /Gtrain 
— EFF X Gloco [Grain 
— F - Gloco (4:5 “0024 LY H 12]) 
for goods trains (see p. 470) 
—EF-O0dFE—cG— 45 G,— 0156 (VA 12) 
45 Gs- AS G, -H Gioeo X “0024 (V - 12) 
— FyA4S5 G— 0156 (VA 12) - Gioco X “0024 (Vr 2)? 


"To get an idea of the diserepancy between F.,, and F, it is best to take 
a concrete example as applicable to a medium main line locomotive 
Class 16D (see Table 2.7.9.) where we have:— 


Fr 49,500 -- 376 16,800 -- 659 10,000 -4H 1,095 


EF, 2 09% F, 39% EF, H 109% 


v N 10 30 50 
F, sm (42,500) 16,800 10,000 
vv 4 965 4. 965 A- 965 

EG iGLV 4 do ] 7 — 600 

155% OOM (V * 1DE — 4 191 4 670 -A- 1430 


From this example it will be seen that up to speeds of about 35 m.p.h 
the diserepancy is 5% or less but becomes appreciable at 50 m.p.h. and 
higher. The same therefore also applies to the discrepancy between the 
effective horsepower-hours and the horsepower-hours at the rim of 
the driving wheels. As the experimental error of consumption figures 
as determined by dynamometer car track tests is approximately in 
the range of -— 3% and the average speed at which such tests are 
run only exceeds 35 m.p.h. in exceptional cases the discrepancy can 
be accepted as being within the range of experimental error except in 
the cases of high speeds. 


2.7.3.5. 'The number of the drawbar horsepower-hours for the run 
(or any particular section) is deduced from the drawbar pull and the 
distance by an automatic integrator and registered on the chart; the 
two weights are known and therefore the number of effective horse- 
power-hours can readily be calculated and hence the specific consumption 
relative to this unit. Indicator diagrams are not always available and 
it reguires a large amount of work to evaluate them. But even then 
the conditions do not remain constant and, as a set of diagrams can 
at most be taken only every five or ten minutes and the indicated 
horsepower-hours must be calculated from the average of the ratios 
of the indicated pull to the drawbar pull as obtained for about one 
revolution in every thousand or so, the results obtained are not very 
reliable. 'This artificial unit is therefore very useful for practical 
purposes of comparison. 'The German and other European Railways 
often carry out their tests on relatively flat sections and make a 
correction for the gain (or loss) of potential energy of the locomotive 
between the starting and stopping point. 'The drawbar output so cor- 
rected is called the “effective output”. Whenever therefore this ex- 
pression is encountered in the literature in connection with consumption 
figures the definition of the term must be critically examined before 
comparing the figures. 
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2.7.4. It will be better for arriving at generally applicable rules to 
study the steam consumption per indicated horsepower-hour first. 
From the results of ordinary track tests, where the conditions are 
continually changing, it is rather difficult, if not impossible, to deduce 
any laws with regard to a duantity which evidently depends on both 
the cut-off and the speed, not to mention the temperature of the 
steam. Lomonosoff, by selecting suitable sections and loads, managed 
to run tests in Russia?) in which the cut-off and speed were kept 
constant by manupilating the brakes; this method can be applied even 
better and probably with less expense by using as load electric units 
capable of regenerating”); the Germans have applied this method very 
successfully by using as load one or more steam locomotives fitted 
with Riggenbach brakes). 'The trailing locomotives, marshalled behind 
the dynamometer car, are used to reach the desired speed duickly and 
then reversed to supply the drag and by suitable regulation keep the 
speed steady while the test locomotive works at a constant cut-off at 
the predetermined speed. On a fairly flat section this method offers 
no great difficulty to experienced staff. On a test plant like that at 
Altoona, U.S.A., it is relatively simple to obtain values for a given 
set of conditions and the data published, although somewhat old, are 
probably the best which are readily available. The results obtained 
with the German method give similar data for track tests (compare 
2.7.3.5.), but unfortunately the figures are not readily available. 


(1) Lomonosoff. 
(2) R.A. 1924, IT, p. 788; Garbe, p. 55. 
(3) Glaser 15/5/380, p. 243. 


2.7.5. Obergethmann, professor for locomotive design at the Tech- 
nische Hochschule, Berlin-Charlottenburg prior to the first war, tried 
to get specific consumption figures from dynamometer car tests in 
order to determine locomotive performance. For years his method and 
figures formed the basis of calculations in Germany and elsewhere for 
determining the expected performance of locomotives. Professor Nord- 
mann, his successor, points out that this method when compared with 
the most recent test results is evidently not above criticism?`. With 
a view to testing his theory and also, if possible get more reliable 
figures the results of the Altoona tests were analysed and curves drawn 
to show the variations of the steam consumption as a function of the 
various other factors, amongst others for each speed, n,, n,, n, ete.) 
expressed in revs. per sec. The specific steam consumption, @, was 
plotted against the ME.P., p; a series of curves was obtained which 
certainly showed a relative minimum for each speed, but definitely no 
common minimum as alleged by Obergethmann; and even the lowest 
minimum did not in any way seem to be at the same value of p 
for different engines or generally to be approximately at the values 
indicated by Obergethmann. Furthermore the values for the steam 
consumption seem, generally, to be rather higher than those given by 
him. It is therefore evident that his theory is not correct and that 
the consumption figures given by him are on the low side)”. 


9.7.6.1. Strahl”, while studying the results of tests, was struck by 
the following paradosical facts: In order to minimise the “wire-drawing” 
or throttling effect of the piston valve on the inlet side the Trick 
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valve (with double admission ports) was fitted to certain locomotives 
but without any appreciable improvement as regards the steam con- 
sumption and it was decided to revert to the simple piston valve of one 
standard size for all sizes of cylinders. It rather surprised Strahl to 
find that even with the biggest cylinders there was no noticeable 
increase in the steam consumption. In order to get at the reason for 
this Strahl started a theoretical determination of the mean effective 
pressures, the indicated horsepowers and the steam consumptions 
for various cut-offs and speeds for a small cylinder and for a large 
cylinder. As final result he plotted the steam consumed per cubic foot 
of cylinder and hour against the indicated horsepower per cubic foot 
for n — 1,2, 8,4, and 5 revs. per sec. and obtained a set of 
curves similar to those shown in figure 2.7.7.(a). These curves can have 
the various cut-offs marked on them, but this is not essential. Now 
Strahl found that within reasonable limits these curves were the same 
for a large and a small cylinder with the exception that the cut-offs 
shifted along the curves; leaving them out makes these curves applic- 
able to all locomotives irrespective of the size of the cylinders and 
hence also irrespective of the size of the valves and furthermore 
independent of the cut-off, which is always a contentious point as 
the nominal cut-off seldom agrees with that on the indicator diagram 
where it is often not well-defined. 


(1) Nordmann in Glaser 1926, No. 1186 and Glaser, Dec. 1928. 
(2) idem. 
(3) Strahl, Steuerung. 


2.7.6.2. Here then there would appear to be a pointer to a solution 
of a somewhat complicated problem. This, with its further developments, 
was found amongst Strahl's papers after his death and published; 
unfortunately there are some points which are not duite clear; for 
instance some of the concelusions arrived at in the test seem to 
conflict with the diagrams and Nordmann in his criticism of the 
work points out these and other defects. Yet, there is one rather 
interesting point about the work and that is that if the results of the 
Altoona 'Tests are plotted to this method there is a striking agreement 
in the general shape of the curves, even if the actual values are not 
the same, and both show, in contradiction to what Obergethmann 
assumed, that for a given guantity of steam the indicated horsepower- 
hours inereases with the speed not only up to a point but up to the 
usual maximum speeds. 


2.7.6.3. On account of this marked agreement between results arrived 
at by theoretical investigations and results obtained purely experiment- 
ally with no theoretical bias it was felt that a careful analysis of the 
results of the Altoona Tests according to this method was worth the 
trouble with a view to finding, if possible, a standard set of curves that 
would be generally valid. 


2.7.6.4. 'The first difficulty was that the tests carried out with any 
one locomotive seldom covered the whole range and further that very 
often the extreme values, (small cut-offs at slow speeds and large 
cut-offs at high speeds), were wanting so that it was difficult to 
draw exact curves. Another difficulty was that not all locomotives 
had the same degree of superheat or the same boiler pressure. 
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2.1.11. In order to arrive at some common basis the following method 
was adopted: a firing rate of 100 Ibs. per sduare foot of grate area 
per hour with a corresponding evaporation of 5.8 lbs. of water per 
lb. of coal was assumed as the limit to which the boiler could be 
worked continuously. With a ratio of evaporating surface to grate 
area of 50 this would correspond to a specific evaporation of 11.6 lbs. 
per sa. ft.-hr., which approximates to the value laid down by Nord- 
mann". The amount of steam generated divided by the total volume 
of all the cylinders gives the amount of steam available per cubic foot 
and hour, when the locomotive is working at its full capacity. By 
plotting the values of the steam temperature against the steam 
guantities the temperature for the firing rate of 100 Ibs. per sa. ft.-hr. 
is obtained. 
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27.7.9. Strahl has deduced from experiments of the German Rail- 
ways?) that a saving of 1% in steam consumption is effected by every 
5 Ibs. per sa. in. that the pressure is increased or for every 9 degrees 
Fahrenheit that the temperature is increased. If we assume these 
figures as correct the curves obtained for each locomotive can be 
reduced to a common standard of 200 lbs. per sd. in. and 600 degrees 
Fah. temperature. In this way figures 2.7.7.(a) to (f) have been 
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prepared. Referring to figure 2.7.7.(a) the steam available at a firing 
rate of 100 is 2,360 Ibs./cub. ft.-hr.; the steam temperature at this 
rate is 625” Fah. and the boiler pressure 205 Ibs./sa. in.; a temperature 
of 625” as against 600” gives a saving of 25/9 — 3% and the additional 
5 Ibs./sd. in. gives a saving of 1%, giving a total of 4%; we must there- 
fore increase all steam values by 4% to reduce the curves to the adopted 
common standard. 'The corrected curves are shown in the same figure 
on the right, the origin for the abscissae being shifted so as to 
separate the two sets. After the curves for all the locomotives have 
been obtained the curves for each particular speed (in revolutions per 
minute), after being reduced to the common standard, are superimposed 
(see figures 2.7.7. (g) and (h)) and although, as would be expected, 


3500 Ib Steam/cubft-nr 


3000 Summary ( 


)] 


2500 


2000 


1500 


FIGURE 2.7.7.@). 


ag 


6 50 ) 100 150 HP/cub fn 180) 
Oo 50 | 100 50 HP/cubfUN-T20) 
Origin origin Vori i 
Es (N-60) 100 (N s120) 1:00 (N -180) 150 HP/cub 


SEE 
:  TAver 
OO ë 


( 

3000 Ib 
2500 
2 
15C0 

E (SURE Di7 7 (PT 
1OOO Ee 

Average Average 
sOO 160 HP cubft(n 360 
Oo EN) D 50 100 [se] u 
O 50 1CO 150 HP/cubft(n-300) 

Origin Origin Origin 
o Tn-240)  Ygo (R3300) oo “n 360) 150. HP/cubftn -240) 


the agreement is not perfect, yet, it is sufficient to justify using this 
method until a better one is found or until more data are available 
to correct these curves. Figures 2.7.7, (i) shows the final curves for 


a steam temperature of 600” Fah. and a pressure of 200 lbs./sa. in. 
as well as for 180 Ibs./sa. in. 


(1) Glaser 1/12/98: see also 2.2.5. 
(2) Strahl, Steuerung, p. 56. 
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2.7.7.3. If a line from the origin to any point on one of these curves 
be drawn, the ordinate it cuts off on the 100 H.P. per eub. ft. abseissa 
divided by 100 gives the specific steam consumption for that point and 
it will be seen that the point where the tangent to any curve through 
the origin touches the curve is the point of minimum consumption for 
that speed. Hence if for any locomotive the results of tests are plotted 
in this manner and the cut-offs marked on the curves the most 
economical cut-off, as far as indicated output is concerned, can be 
determined for each speed. In figure 2.7.7.(a) the lines for specific 
consumptions of 14 to 20 lbs./indicated H.P.-hr. are shown. 'The 
smallest cut-off for which tests were run was usually 20%. These are 
the points shown on the end of the curves nearest the origin. By 
studying the position of the curves relative to the lines of specific 
consumption it will be realized how duickly the specific consumption 
rises with decrease in cut-off when we come to the smaller cut-offs. 
What is of more practical importance is the specific consumption for 
the output at the rim of the driving wheels and the most economical 
cut-off in this connection for each speed. The steam consumption 
values were plotted against the “drawbar” horsepowers (i.e. the horse- 
powers at the rim of the driving wheels) in the same way as for the 
indicated horsepowers (figures are not shown); the results seem to 
conform less to any regular pattern than in the case of the indicated 
outputs and it is probable that certain diserepancies must be put down 
to experimental errors (compare Altoona, No. 32, p. 70). It is apparent 
though that above certain speeds the specific consumption rises again 
with increase of speed; this is to be expected because the frictional 
force is more or less constant whereas the indicated force decreases 
with speed so that the loss of power becomes relatively bigger as the 
speed increases. 


97.7.4. 'The conclusions drawn from these curves are:— 


(1) 'The steam consumption per indicated horsepower-hour in general 
decreases with increase of speed, more especially at the lower 
speeds; 
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(2) for any given speed it first decreases and then increases with 
increase of cut-off, the actual cut-off at which it is a minimum 
depending on the speed and the machine; 


(3) the steam consumption per “drawbar” horsepower-hour, i.e. horse- 
power delivered at the rim of the driving wheels, decreases with 
increase of speed up to about three revolutions per second and 
then gradually increases again; there are many anomolies and 
the curves for the Altoona tests are therefore not shown here. 
in the case of track tests it is clear from 2.7.3.4. that the specific 
consumption for the “effective” output will reach its optimum 
at a somewhat lower speed (depending also on the size of the 
wheels) and then rise even steeper; 


(4) for slow speeds the most economical cut-off (for output at the 
rim of the wheels) might be as high as 40 or even 50%; with 
increase of speed it becomes smaller, but it is doubtful whether 
it is ever much smaller than 35 to 30%. The exact value seems 
to depend on the details of the motion and the general condition 
of the engine in addition to the speed and there can be little 
doubt that apart from any possible detrimental effect on the 
boxes and rods of running in very small cut-offs there is a 
certain justification for the practice of most drivers to use the 
throttle rather than the lever when running over easy sections 
redguiring cut-offs smaller than 35 or 30%. 'Throttling tests with 
Baldwin Locomotive No. 60,000 on the Altoona plant (see pages 
57 and 58 of the report) show that the steam consumption is 
increased when calculated on the indicated output, but decreased 
in certain cases when calculated on the effective output. 


2.1.8. We now have the necessary data to calculate for any particular 
locomotive its probable performance with any given load. From the 
size of the grate and the cylinders we can calculate the amount of 
steam per cubic foot and hour. From the size of the wheels we get 
the speeds for the different values of n; from figure 2.7.7.(i) corrected, 
if necessary, for the boiler pressure and steam temperature we can 
read off for the amount of steam available the indicated horsepower per 
cubie foot for each speed and, multiplying by the volume of the 
cylinders, obtain the total indicated horsepower for each of the speeds. 
From the relation N; — V.E,/875 

we can calculate F;,, the indicated pull. 

By subtracting from this c.G, *T .04 F, we obtain F,. 

From these values it is possible to plot a curve showing the variations 
of F, with V (see Table 2.7.9. and figure 2.7.9.(a). Tabulating from 
this curve the values of F,, for speeds of 10, 20, 30, ete. m.p.h. and 
subtracting 4.5 G, 4 0.156 (V - 12)* from each we obtain the 
corresponding values for F, the 'drawbar pull” at the back of the 
tender on a level track at constant speed. (To caleulate G, the weight 
of the tender is generally caleulated with 2/3 of the total capacity 
of coal and water). This force, F, is that available for moving the 
train as well as overcoming the gravity component and curve resistance 
on both locomotive and train and in addition, where necessary, accelerate 
locomotive and train. The curve resistance is generally allowed for 
by adding a fictitious additional gradient (see 31.); similarly any 


acceleration can be allowed for by a corresponding additional fictitious 
gradient. 
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Table 2.7.9. 
Cylinder diameter, d 


22 n Driving wheel diam. — 60 in. 
Stroke, s 26 in Constant ' — Pig 
Total weight, GL — 155 to Tractive force Fa -— 80700 Ib. 
Weight on carriers G, — 96 to. 
. : . Adhesive weigt, G 2,69! to. 
f Ein welghé, EF; OO N Cylinder volume id rES 
Grate area, R da D fa Grease lubrication 
Steam — 452 x 100 x 5.8 — 26240 Ib/hr. — 9995 ID/ftS-hr. 
Boiler pressure — 195 1b./sa. in. 
Temperature (assumed) — 6O00'F 
EG RED ie ja? Vit Mei, ele 9 meid od OT bere Pres ion ys DE 
n 1 2 3 d 5 
V 10-7 21-4 521 42-8 38. 
Tndicated H.P. /ft.5 107 124 134 137 141 
Indicated H.P. 1223 1416 1525 1565 1610 
Tndicated tractive force (42800) 24800 17800 13700 11270 
252 G, 1480 1480 1480 1480 1480 
0-04 F; 1720 990 720 550 450 
Ex (39600) 22330 15600 11670 9340 
V 10 20 30 40 50 
EF (42500) 23900 16800 12600 10000 
4:5 G, 430 430 430 A30 430 
0156 (V - 12)2 80 160 280 420 600 
F (41990) 23310 16090 11750 8970 
r (passenger) 4-63 5:38 6:3 dies 9-0 
EG 9060 4380 2550 1566 997 
M for G — 325 to (42:2) 22-6 14-6 9e] 6:3 
M for G — 400 to (36-1) 19-2 232 9 4.8 
M for G — 500 to (30:3) 15-8 9-8 61 3:3 
M for G — 600 to (26-0) 13-4 8-1 4-8 2:3 
r (goods) sels 6-4. 8:2 10-4 13:2 
M for G— 800 to (19-8) Os oEY 1:8 — 
M for G — 1000 to (16-0) 3 3-4 0:6 — 
M for G — 1200 to (13:2) s8 2:3 — — 


9.7.9.1. 'The specific resistance of coaches and heavy trucks (about 
70 tons gross) is usually given as: 

r. lbs /ton —' 4.5 ..00138 Va, 
S OEI in “Jour. LE.” 1958/59, p. 533, gives a table of values, stated 
to be repeatedly confirmed by tests, which (when reduced to short 
tons) approximates to the formula: 
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r Ibs./ton — 8.5 - 0019 V* 
with slightly smaller values at 10 m.p.h. and 60 m.p.h. but he adds: 
“Tt would, however, be advisable not to place too much reliance on 
resistance per ton, as a good deal of the resistance is not a function 
of mere weight”. Compare also 4.4.3.5. The first term of Tr depends 
on the bearings (temperature, size and general condition) as also on 
the condition of the track. In shunting yards where adverse conditions 
obtain, this value may increase to 5 or even 6. After a stop of 
5 to 10 minutes, which allows of the oil between the axle 
and the bearing being partially sgueezed out, values as high as 18 to 
20 are encountered, if the train is stretched so that all the vehicles 
are moved together at the start. 
For the resistance of average goods trains the value generally given is: 

r lbs./ton — dB 0024 V2. 
To allow for slight adverse winds and similar factors it is advisable 
to add a figure to V, say 12; we then have for coaches: 

rilbavton — 4 5A OOMS (ME 13) 
and for average goods trains: 

rilbs/ton 2245 iek 0024) (Vr Hays 
These formulae allow a small margin in most cases. See also 4.4.3.5. 
The gradient resistance of both locomotive and train is 2M lbs./ton, 
where M is the gradient per mille. Now if G' is the weight of the train 
that can be hauled theoretically at a given speed, V, on a level we have 

(@ EE Jie 
While for practical reasons this load, as calculated for low speeds, can 
never be handled yet the idea leads to a simple way of calculating 
the gradients that can be negotiated with a given load at different 
speeds. (Compare Strahl, Steuerung, page 62.) 


2.7.9.2. If for a gradient M the maximum load for a given speed is 
G and the weight of the locomotive and tender is G, we have 
G (r 4 ?M) — F — G,.2M 
— Gir — GAM 

hence M — (G1 — G).r/(G,  G)2 Se de #” (18) 
If therefore for each of the speeds we calculate r and from it 
G', we can, by assuming different loads (say) 500 tons, 600 tons, 
700 tons, etc., calculate the value of M from edguation (18) and so 
draw a set of curves showing the variation of speed with gradient for 
each load, i.e. gross weight of the train. The maximum for the force, 
F.,, that can be exerted at the rim of driving wheels is limited firstly 
by the tractive force, F,,, and secondly by the adhesion, which can 
safely be assumed as at least 4 under South African conditions. While 
strictly speaking the adhesion decreases with the speed and therefore 
this limit line should slant downwards with increasing speed, this first 
approxsimation is generally sufficient for practical purposes. Similarly 
F;,, deereases with the speed, but the same consideration applies. 
These two points are marked on the F,, curve and it is assumed that 
F., is never bigger than the smaller of the two. It follows that the 
gradient-speed curves must also be assumed to stop at the corresponding 
values of the speeds and the maximum gradient that can be negotiated 
with the given load is assumed to remain constant at all smaller 
speeds, although theoretically it should increase slightly. 


2.7.9.3. As an example the calculations of these curves for one of the 
modern Pacifics of the South African Railways, class 16D, is shown 
in Table 2.7.9. and the curves are shown in figure 2.7.9.(a). From 
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these curves we can read off for a given load the maximum speed that 
can be sustained on any particular gradient and also the maximum 
gradient that can be negotiated with this load by taking the point 
where the curve for that load cuts the speed corresponding to F,/,, 
Which in this case is smaller than F'.. Similarly we can read off the 
maximum load for any gradient, e.g. with a train of 10 coaches (400 
tons) we can, at the most, negotiate a gradient of 25 per mille or 
1 in 40 and that at a speed of 15 m.p.h.; a gradient of 1 in 200 or 
5 per mille on the other hand can be negotiated at 50 m.p.h.; for 
a gradient of 1 in 100 or 10 per mille the maximum load is about 
1,100 tons and this can be pulled at 15 m.p.h., whereas on a level 
this load can be pulled at a speed of about 40 m.p.h. 


2.7.9.4. ITt will be appreciated that if similar performance curves are 
prepared for the various locomotives employed on a section and these 
are used in conjunction with a small scale chart of the section intelligent 
use of these by the operating staff can be very useful as a guide. Various 
methods have been developed in Germany for deducing the running 
times for a given section from these or similar curvesl); but it is 
doubtful whether they are practical enough to be generally adopted 
in South Africa especially with our rapidly changing gradients. Yet 
these curves, if used with intelligent understanding, can be of con- 
siderable use. As a matter of interest the indicated horsepower, the 
horsepower at the rim of the wheels and the drawbar horsepower (on 
the level) as obtained above for the various speeds have been shown 
graphically in figure 2.7.9.(b). In the same figure are also shown 
eurves for the specific steam consumption for the indicated horsepower- 


EIGURE 27.7.9 
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hour and the horsepower-hour at the rim of the wheels (see 2.7.3.) 
as deduced from these calculations. In this connection it is interesting 
to note that in actual dynamometer car tests carried out under normal 
track conditions with a locomotive of this class very similar curves were 
obtained for the effective horsepower and the steam consumption per 
effective horsepower-hour. 'The actual consumption figures (including 
all auxiliaries) varied between 20.5 and 22 lbs. of steam per effective 
horsepower-hour. 


1)Organ, 1925, pp. 1 and 318. 


2.7.9.5. If we compare the performance curves calculated for various 
classes of locomotives in this way with the actual performances as 
established by dynamometer car tests in practice the agreement is such 
that one seems justified in stating that guided by certain theoretical 
considerations we have deduced from the results of the Altoona (and 
other) tests, a method whereby we can calculate for any given locomotive 
the performance that can reasonably be expected from it, although 
further investigation may in due course provide a better method or 
information for correcting the basic curves. However, it has been 
noticed in carrying out the multifarious tests on the South African 
Railways that it was generally fairly easy to attain and even exceed 
the expected performance at the higher speeds whereas at low speeds 
it is somtimes difficult to obtain the expected performance and certainly 
not so easy to exceed it. The author has also repeatedly observed by 
counting the number of shovels (17 lbs. each) of coal fired during a 
given period, when working the locomotive to capacity, that the firing 
rate was appreciably higher than 100 Ibs./sd. ft.-hr. when running fast; 
on the express between Pretoria and Johannesburg a figure of 135 was 
regularly observed. Based on these observations Mr. N. Bestbier (at 
the time Test Engineer on the S.A .R.) developed the following addition 
to the above theoretical developments. 


2.7.10. CORREOTION to the FIRING RATE 


2.1101. 'To comply with the ever increasing demand for more speed 
and for the better utilization of motive power, in view of the increase 
of capital value of railway material, a large number of tests were 
carried out to determine to what extent existing schedules could be 
improved. 'This opportunity was utilized to make observations at 
various speeds when the locomotive was working at what was considered 
full power, i.e. a power output obtainable repeatedly by average crews 
on a locomotive in a reasonable state of repair. The coal used is the 
average S.A. loco. coal of about 12,000 B.T.U's Fry (see Figure 
2.3.10.) gives the boiler efficiency as Y — (84 — (0.99 B/R) 9%, how- 
ever, taking average results of tests carried out with boilers of the 
S.A. Railways with the brick arch correctly proportioned (see the Paper 
of Du Toit guoted in 2.2.6., according to which it would appear that 
the optimum proportions for the brick arch had the tendency to improve 
the efficiency more especially at the higher burning rates) the boiler 
efficiency was taken as Y — (84.5 — (0.908 B/R) % or, for super- 
heated steam at 200 1b./sd. in. and 600 Fah., the evaporative figure 
zZ — (19 — 0.019 B/R) Ib./Ib. In this connection it is of interest 
to note that Mr. H. J. L. du Toit in his Paper stresses a very 
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important aspect, very often completely overlooked when, after men- 
tioning the feeding and distribution of the coal, he states: “An aspect, 
however, that has been sadly neglected is the other, more important, 
redguirement for combustion, namely AIR. Actually air by weight or 
volume is both the largest and most important item effecting locomotive 
performance. Roughly 12 to 138 pounds of air has to be supplied to the 
grate for each single pound of coal, .. . By weight air is approximately 
93% of the total fuel — the coal is only 7%.” 

He then stresses the importance of sufficient openings in the 
grate without, however, letting too much coal fall through and describes 
the improvement in boiler efficiency by increasing these openings from 
15% to 28%; while the finger grates gave an opening of 42% they 
allowed too much of the fine coal to be lost thus adversely effecting the 
boiler efficiency. From the idea of “effective horsepower” and “effective 
tractive force” as explained in 2.7.3. and assuming that F, — Fr we 
can determine F',, for various speeds, when “working the locomotive 
to capacity.” As explained in 2.7.3. the error in assuming F, — Fr is 
small at slow speeds but increases up to about 10% (or more) at the 
higher speeds. However, for the purpose of this determination, which 
at best is an approsimate one, the assumption that F, — F.r seems 
permissible. 


9.7.10.2. If the observed pull at the rim of the wheels (Fr) is 
compared with that calculated with a constant firing rate of 100, curves 
as per figure 2.7.10.(a) are obtained. Generally the observed pull is 


Observed Effective Tractive Force 
(assumed) - Fy 


Curves of F, calculated 
| tor various fixed 
firing rates. 


Rated Fy 
tor B/R 100 


Vs Speed, m.p.h. —— 


below the rated pull at slow speeds and above it at high speeds. It must 
therefore be accepted that the assumption of an arbitrary fixed firing 
rate, and hence fixed steam output, always at full power output, is not 
correct and a firing rate varying with speed must be accepted. 
9.7.10.3. I£ we calculate F',, for different fixed firing rates according to the 
method explained above we get a set of curves as shown in figure 
9.7.10.(a). If we then plot a curve of F.,, as actually found from the tests 
for different speeds when the locomotive is working to capacity and ac- 
cept that F, — Fi, then the points where the F.r curve cuts the differ 
ent F', curves as calculated for different fixed firing rates give the firing 
rates for the corresponding speeds. Curves of the general shape shown in 
figure 2.7.10.(b) were obtained. Uitimately the speeds were plotted in re- 
volutions per minute for the different classes. 
For the main part of this curve we could replace it with a straight 
line giving a linear relationship between firing rate and speed according 
to the eguation 
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——(a) Firing rate 
deduced trom F 
———ib) Firing rate 
to assumed law 


considered permissible 


Maximum firing rate 


B/R Firing Rate 


Vs Speed,mM.p.h.z 


FIGURE 2.7,10(b), 


B/R—an dT b 
where B/R — firing rate, 
a, slope of the line, 
n speed in revs. per min,, 
b — constant. 
The top part of the curve could conveniently be replaced by a horizontal 
line. 


2.7.10.4. Various relations of the constants of the boiler and the engine 
were tried to get the constants in the above eguation. It appeared, how- 
ever, that the slopes of the curves for different locomotives lay within 
fairly narrow limits and the assumption of an average value of 0.28 for 
the slope of the curve, a, seemed justified. It was further found that the 
constant, b, could be represented as a function of cylinder volume and 
grate area, viz. 


b — 238 VAR 
where V, — cylinder volume of all cylinders in cubic feet 
and R — grate area in sguare feet. 


The eguation for firing rate can, therefore, be given finally as: 
B/R — 0.28 n 4 238 VR 


2.7.10.5. From the test results it did appear that the firing rates were 
subject to certain maximum values, or, as explained previously, that a 
stage is reached where an increase of firing rate has very little effect on 
the power output. These maxima are no doubt influenced by certain cha- 
racteristics and proportions of the different boilers and engines. From the 
values observed during the series of tests carried out with the different 
types of locomotives the following maxima were adopted as correspond- 
ing approximately to observed results: 


(a) Handfiring: (1) B/R not to exceed 135 Ibs./sd. £t.-hr. 
(2) B not to exceed 7,500 Ibs./hr.; 
(b) Mechanical firing: B/R not to exceed 150 Ibs./sa. £t.-hr. 


Figure 2.7.10.(c) shows graphically the variation of firing rate with speed 
for different locomotives. 


2.7.10.6. With the firing rate established on this basis for any given loco- 
motive the boiler output, $ lbs. of steam per hour, against speed can be 
calculated. While the superheat will probably vary with the different 
firing rates it can be accepted that by the method adopted for obtaining 
the different firing rates for the different speeds this correction has al- 
ready been allowed for. From figure 2.7.10.(c) or the corresponding egua- 


A74 


Bmax *7500 (/hr) 


FIGURE. 2 7.10). 


tion for the particular locomotive and from the above eguation for 7' (see 
2.7.10.1.) we can now get the boiler steam output relative to speed, for 
full power output, and can then calculate the performance curves in the 
usual way using the calculated steam guantity for each particular speed, 
instead of the assumed fixed rate of 100, when using figure 2.7.7.(i). 
2.7.10.7. Figure 2.7.10.(d) shows the performance for locomotive Class 


AO 


EIEURE Hi od) 


16D calculated for varying firing rates according to this method (see 
Table 2.7.10.) and by comparing these curves with those in figure 2.7.9. (a) 
we see what difference this modification makes. Similarly we should com- 
pare figure 2.7.10.(e) with figure 2.7.9.(b). For convenience of compari- 
son N; for B/R — 100 has also been indicated in figure 2.7.10.(e). 


FIGURE, 27.10 (e); 
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Table 2.7.10 


n 1 2 3 4 5 
V 10:7 214 se 42-8 sie) 
B/R 76-8 93:6 110-4 (2762 135:0 
Ti 6-44 6-12 5-8 5-49 5-34 
S—A4SXB/R XZ' 22300 25800 28800 31450 32450 
S/Veyl 1950 2260 2520 2750 2840 
Indicated H.P. /ft.ë 93 124 145-5 160 165 
Indicated H.P. 1065 1415 1660 1830 1890 
Indicated Traction Force .. (37400) 24800 19400 16000 13250 
252G. 1480 1480 1480 1480 1480 
0-04 F, 1500 995 780 640 530 
Fy (34420) Es 17140 13880 11240 
V RR BEE 30 40 so 
Fy (36300) 23400 18000 14700 12000 
IN 965 1245 1435 1570 1600 
4:5 G, 430 430 430 430 430 
0-156 (V--12) 80 160 280 420 600 
F (35790) 22810 17290 13850 10970 
N 932 1215 1380 1485 1460 
r (passenger).. 4-63 5.33 6-3 75 9-0 
G" 7730 4270 2750 1850 1220 
M for G—325 to 3517 21:9 15:9 lee) 8-4 
M for G—400 to 30-6 18-5 13:3 See) OT 
M for G—S500 to 2547 16:3 10-8 7-8 4:9 
M for G—6O00 to 20-0 12:9 9-0 6-3 ye 
r (goods) soils 6-4 8-2 10-4 13-2 
G” 6950 3560 2110 1340 830 
M for G—8O00 to 16-6 9-2 s6 3:0 0-2 
M for G—I1000 to .. Bes) 7-1 3:9 1:6 — 
M for G—I1200 to .. 10-9 SES 2n 0-6 — 


; While it is possible that this method may have to be modified still 
further, as more data or a better method becomes available, it is consid- 
ered a, step further to the ultimate truth and the method developed here 
with this correction seems to provide the means of calculating the ex- 
pected performance of a given locomotive fairly accurately as track tests 
have repeatedly confirmed. 
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3. NEGOTIATING CURVES 
31 ADDITIONAL RESISTANCE IN CURVES 


3.1.1. It is unfortunately impossible to build railways with only straight 
tracks. In fact, in parts of South Africa it is no exaggeration to say that 
the total length of the curves exceeds that of the straights. In 2.7.8 it 
was indicated that curve resistance could be allowed for by adding a fic- 
titious amount to the gradient resistance. From this it will have been 
gathered that there is a bigger resistance to movement of a train in a 
curve than on a straight; one of the aims of railway location is to ease 
the steep gradients to such an extent on a curve that the combined re- 
sistance remains constant; the line is then stated to be compensated for 
curves, or the ruling gradient of the section is stated to be 1 in x, com- 
pensated. 


3.1.2. The efforts to determine the resistance to vehicles negotiating a 
curve are numerous but the figures arrived at differ even more from each 
other than the figures given for the rolling and air resistance. In an at- 
tempt to arrive at some probable value the various formulae were col- 
lected. For a gauge of 4 ft. 8% in. Rock] gives: 


(a) Tr — 4260/(R—180) for R over 900 feet, and 


(b) r — 8280/(R—O00) for R — 600 to 900 feet, 
where R is the radius of the curve in feet and r the resistance in Ibs./ton. 
For metre gauge his formula is: 


(0) Tr — 2600/(R—66). 
These formulae are really for locomotives, but are often used for the 
whole train. Frank recommended: 


(d) r — (ALt/R) (180—1000 t/R) for coaches and 


(eo) r — (2/R) (180—2000 t/R) for goods vehicles, 
where t — the wheelbase of the vehicle or bogie. 
Tests carried out in America”) on a one degree curve and a three degree 
curve gave 


($) r — 0.53 Ibs. per ton per! degree. 
In the United States it is customary to express curvature by the number 
of degrees of central angle subtended by a chord 100 feet in length. One 
degree or curvature is eguivalent to a radius of 5730 feet, since 5730 x 2 
x 3.1416 — 360 x 100. Generally 


D — Degree of curve — 5730/R. 
The Baldwin Locomotive Co. gives as American practice: 
(£@) r — 0.7 Ibs. per degree per ton for heavy vehicles and 
(h) r — 1.0 Ibs. per degree per ton for light vehicles. 
'Tests conducted in Italy?) gave the following values: 


BR — 590 660 820 980 1150 1310 1480 1970 2300 feet 

r — 9 84 68 56 48 40 34 24 2.9 Ips. per ton. 
'The reason for differentiating between (d) and (e) is not clear, however, 
putting t — 19 feet in formula (e) and t — 6 feet in formula (d) and 
evaluating the various formulae we obtain the following Table 3.1.2. 
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Table 3.1.2 


R 300 | 400 | soo | 600 | soo | 1000 | 1500 | 2000 
Degrees— vodde || ras SN EE 
Tr my EE WET EET EEFTEE EIE EF 
BT BEREG | ED EE FI N SG AE E. 
(@% eed] MIE. butT BROER edEO NE OU? SR N Ge AGE) 
OE STEEK E GE FI OE SR 
EIE ES ODE ES 
TOET EEE SS ETES EE II EE ETE 
Es 100 | 80. | saM sou 40 AE TE 
N TEN TEN ER ONS ES EE EUTE G 


3.1.3. These values and those obtained in the Italian tests are shown gra- 
phically in figure 3.1.(a). By taking numerous readings of the drawbar 
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N sl SISURE DY. (a) r ID/to-4260 (R-IBO)TOrR 2 1000 ft Rockl (for loca) 
N j ED AE EE dd (b) rIb/to-3280 (R-10O) . R s 1000 6OOfL P but also” used 
N T (co) rIbAo-2600 (R-66) . metre gauge forcompletetrain 
) N (d) r b/to- 8E (IBO-1OOO!) for coaches Ee 
' a 
@ N (e) rlb/tos2$ (BO-20008) for truchs 
ers N 4) rIbAo-53 per degree American Tests for 1%nd 3e 
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N Ns ET! (N) rip/o TO vn ' , light ou 
. ` SUS (i) Italian Tests 
er N 
dj — ST i dl id 
DS os De 
t sd V. os Curve Resistance 
K — s Eer 
od Ms ad . — Ek 
` Es — EE 
N n” - y 
0 Des : ss Es se 
h ë Red Is —E Pd ) 
v EER EE MEE 
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pull on the dynamometer car of the S.A. Railways when negotiating 
curves and also by observing the change in the speed, if any, when nego- 
tiating curves on gradients compensated according to certain accepted 
rules an effort has been made to arrive at some approxsimate average 
value of this factor for the conditions obtaining on the S.A. Railways (8 
foot 6 inch gauge) and it would appear that curve (b) gives fair average 
values of the resistance for both engine and train combined. 


3.1.4. By replotting the values obtained from curve (b) against degrees 
of curvature and smoothing out the eruve we obtain figure 3.1.(b), which 
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can be accepted as indicating fairly accurately the average curve resist- 
ance under South African conditions on a 38 foot 6 inch gauge railway. 


3.1.5. Professor H. Heumann has published a voluminous treatise (151 
pages) on the subject of the guidance of rail vehicles entitled “Grund- 
zuege der Fuehrung der Schienenfahrzeuge”, which appeared in “Elek- 
trische Bahnen” in 1950, 1951, 1952 and 1953. He deals fairly exhaustively 
with the various cases mathematically and comes to the conclusion that 
the guiding wheel, or wheels, must not lose their load on the curve; the 
radius of the guiding wheel should be as small as possible; the angle be- 
tween the guiding wheel and rail must be kept as small as possible; the 
friction between the wheel-flange and rail must be kept as small as pos- 
sible (by lubrication), but great care must of course be exercised that 
the friction between the tread of the wheel and the rail, on which the 
propulsion of the train by the locomotive depends, is not also reduced. 
From his theoretical analysis he attempts to deduce the curve resistance 
for a given vehicle, but comes to the conclusion (p. 127) that it is by no 
means simple. It would therefore appear that the practical railway en- 
gineer will have to be satisfied with the above approximate graph for the 
time being. 


1) RA. 10/9/27, p. 477. 
2) Bulletin, Dec. 1925, p. 2546. 


3.2 THE POSITION OF THE WHEELS AND VEHICLE RELATIVE TO 
THE RAILS 


321. A Railway wheelset consists of two wheels fixed rigidly to an axle 
at the prescribed distance apart. The treads are generally conical with 
the tread inclined 1 in 20 to the axis of the axle; while theoretically the 
diameter of the tread at a given distance from the flange should be exactly 
egual for both wheels of a set, in practice a small tolerance must be al- 
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lowed. This, however, does not alter the theory in that the theoretical 
mid- position of the wheelset moves slightly to one side or 
the other of the mid-point of the track until the two diameters 
of the “rolling ecircles” are egual. If therefore a set of wheels 
is put on a straight track so that it is rolling on two egual 
tread-circles (theoretical mid-position) with its axwis at right 
angles to the axis of the track it should continue to roll in this position 
relative to the track. If, now, the inclination of the axis of the wheelset 
is slightly disturbed, so that it makes a small angle with the perpendicular 
to the track, there will be a tendency for the wheelset to approach one 
rail. Thereby the rolling circle of the wheel nearest the rail is increased 
and that on the opposite wheel will be decreased. There is, therefore, a 
tendency for the wheelset to change the direction of its axis so as to 
bring it gradually to a position where it is at right angles to the track. 
But as the two rolling circles are not egual it will overshoot this position, 
roll through the mid-position, where the axis will again be at a small 
angle to the perpendicular to the track, and then go through the same 
movement to the other side. This is assuming that the play between the 
wheels and the rails is big enough to allow of this movement. It can be 
shown that the mid-point moves in a sine curve (see the work guoted in 
2.8.5., p. 130). If the wheelset runs up against the rail the movement is 
slightly altered. Similarly, if the wheelset is restrained in its angular 
motion by boxes controlled by a frame, the motion in a sinus curve is 
modified. But this tendency for wheelsets to oscillate from one side to the 
other is the fundamental reason for the “hunting” of vehicles on straight 
track; there are many publications (see “Jour. LE.” No. 260, p. 594 and 
No. 262, p. 183) dealing with this problem, which becomes more and more 
important as speeds increases. 


38.2.2. If the track is curved the changing direction of the track generally 
overrules the tendency for the wheelset to return to the mid-position, due 
to the difference in rolling circles, and the flange of the one wheel runs 
against the outside rail and continues to run against it, if the rolling 
motion is maintained, and the angle of inclination of the wheel plane to 
the rail has a tendency to increase. There will be forward, or backward 
slip (or creep) of one wheel, or both wheels, relative to the rail and in 
addition the pressure of the rail against the flange will give the wheelset 
an axial movement across the rails. Heumann, in the work guoted above, 
has dealt very fully with the problem but the subject is too complicated 
to go into it further here, 


3.2.3. In practice wheelsets are generally not “free”, but run in axleboxes, 
Which in turn are mounted in frames of some sort in such a way that the 
frame determines the direction of their axes and sometimes their lateral 
play. Locomotives, with their several axles, must receive special attention 
with regard to the possibility of negotiating sharp curves and how the 
wheels will run in curves. While the small play that axleboxes may have 
fore and aft relative to the frame of a vehicle may be of significance on 
straight track, the small amount, if any, allowed is of no significance on 
curves. Here the leading wheels have a tendency to run against the outside 
rail; the trailing wheels will have a tendency to run tangential to the 
track, if conditions will permit. If the wheelbase is too long to permit 
this and the trailing wheels are behind the point of contact of the tangent 
to the track parallel to the longitudinal axis of the vehicle, the tendency 
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will be for the trailing wheels to run to the inside and touch the inner 
rail, unless other restrictions prevent this. Such restrictions exist, for 
instance, when we have several wheelsets in a rigid frame as is the case 
in a locomotive. It will be evident from the foregoing that if we draw a 
line from the centre of curvature of the track to the axis of the frame 
of the vehicle or bogie controlling the axles that all axles in front of this 
perpendicular will tend to run to the outside rail and all axles behind 
this perpendicular will tend to run to the inside rail; whether they will 
ultimately touch these rails will depend on the amount of freedom they 
have relative to the frame. 


3.2.4. From the contour of the tyres, their distance apart, the shape of 
the railheads and the gauge, the amount of sideplay can be determined. 
For the conditions as laid down for the S.A. Railways this side play 
amounts to 3/8 of an inch on straight track in the case of new rails and 
tyres. It is the prescribed practice to widen the gauge on curves to allow 
locomotives with long wheelbases to get through without unlue constraint 
On the S.A. Railways the increase in gauge is # inch for curves with radii 
less than 700 feet; 4 inch for curves with radii less than 1000 feet; and 
14 inch for radii less than 1500 feet. Hence to get the total sideplay between 
a wheelset and the rails we must add 3/8 inch to each of these values. 
Tt is very important to be able to investigate exactly how a given locomo- 
tive (or any other vehicle) will lie in a curve and whether it will be able 
to negotiate the curve at all. It will be appreciated that it is impossible 
for this purpose to draw the entire wheel arrangement on a reduced scale 
as any convenient reduction makes any attempt at accuracy as to the 
exact position of the wheels, having due regard to the relatively small 
amount of axial movement possible, utterly hopeless, 


38.2.5. MODIFIED METHODS 


3.2.5.1. It therefore becomes necessary to adopt a modified method. If 
instead of representing the wheels and axles in the usual way we repre- 
sent each wheelset by a single point and represent the inner edges of the 
rails by two eircles spaced apart by an amount egual to the total sideplay 
as explained in 8.2.4., we can represent the distance of either flange from 
its corresponding rail by the distance of the point from the corresponding 
circle. Using this simplification the French engineer Roy invented a me- 
thod which enabled the designer to find the relative position of the various 
wheels with a fair degree of accuracy for different curves using an ordin- 
ary drawing board. 


8.2.5.2. This method was published in “Revue Generale des Chemins de 
Fer” of 1884 and is analysed very carefully in ““Stellung von Eisenbahn- 
Fahrzeuge in Bogengleisen” by Karl Simon pp. 69 to 84. If R denotes the 
radius of a circle, 2A the chord perpendicular to a radius and T the off- 
set, ie. the distance between the arc and the chord at its midpoint, then 
(see 8.2.5.4.) 

T — (AAR) A) 4 U/SA/REA) T A/16)ARSA) ss 
If A is small compared with R we get 

T — (1/2) (AR) 

If now we draw a circle with radius r — R/n?, and in this circle draw 
a chord of length 2a, where a — A/n, and t denotes the off-set, then as 
before 
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t— (1/2) (a/r)(a) H (1/8) (a/r*(a) Fee. 
and neglecting the higher powers of the fraction a/r this becomes 
A/n 
t se (4/2 


)(A/n) 
R/n? 


ele CA/R)GA) 


3.2.5.3. This is the underlying idea of the Roy method, viz., if a circle be 
drawn with radius 1/n? its natural size and a chord 1/n its natural size 
be drawn in this circle then the distance of a point on the arc from the 
chord is shown in its natural size. From this it follows that if the radius 
of the circles representing the rails is reduced to 1/n? of its natural size 
and all lengths representing the wheelbase be made 1/n their natural sizes 
then the distance between the circles representing the total sideplay, as 
explained above, and any sidewards displacement of each point repre- 
senting a pair of wheels relative to the rail edges, etc., will be shown in 
their natural size. While for conditions as generally obtaining in Europe 
the approsimation made above is reasonably accuratel), for the rela- 
tively long wheelbases used in South Africa combined with the very sharp 
curves often encountered here this method is deceiving, as the error may 
be over one inch. 


3.2.5.4. In “Organ” of the 15th September, 1926, p. 354, a similar method 
is described, which has the advantage of being highly aceurate although 
it has the disadvantage that a beam compass cannot be used to draw the 
curves representing the rails. The eguation of a circle relative to its centre 
as origin is x2 4 y? — R*, but if the origin is taken at a point on the eir- 
cumference and the Y-axis as going through the centre then the eguation 
for the circle becomes 


s2 — YOER Ty) 

or E— RY 2 —0 
therefore y — R 4 (R* — Xx? 
and Y/x — R/x4t (R/gd — X)1/2; discarding the 4 sign which 
relates to the opposite end of the diameter 

MES RE SERERL UR GER TREER 

AA MERRES EE F 
—d/A GER). 1/8) GRYS AAS GRIEP. 

DEAR H ABG/REE H AOGREF.. 
X#/2R ir /SRE EES ISR Sr bes vak sied, 


If now we reduce all dimensions in the Y direction in the ratio 1/b 
and all dimensions in the X direction in the ratio 1/bn it is evident that 
the circle becomes an ellipse and if X and Y denote the co-ordinates of a 
point corresponding to x and y on the circle it follows that X — x/bn and 

— y/b. From this relation we can calculate the different values of Y 
to correspond to the various values of X. It will further be seen that if 
the locomotive be placed so that its longitudinal axis is approximately 
parallel to the X axis that its wheelbase will be shown in 1/bn of its 
natural size, but the sideplay and the displacement of the wheels relative 
to the rails or the locomotive main frame will be shown in 1/b of their 
natural sizes. Further the angle between the longitudinal axis of the loeo- 
motive and the tangent to the curve at any point, or the angle between 
the main axis and that of a bogie, will be magnified in the ratio bn/b, i.e. 
n times. In practice it will be found difficult to place the axis of the loeo- 


and y 


TR 
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motive exactly parallel to the X axis, but if we remember that all angles 
are magnified n times (and that n is usually egual to 10 or 12) it will 
be realized that the error, which is egual to (1 — cos A), where A is the 
small angle at which the axis of the locomotive (or the axis of the bogie) 
is inclined to the X axis, is very small. It must also be borne in mind 
that the point representing a wheel must be considered as moving along 
a line parallel to the Y axis, ie. its X value must remain constant, (al- 
though it might appear as if the length of a bogie is thereby increased; 
actually the apparent mistake is magnified n times and is only of the 
order of (1 — cos A). 


3.2.5.5. By putting b — 2 and n — 12 Table 3.2.5.(a) has been prepared 
showing the values of Y for different values of X and R. From this table 
the various curves can be plotted in a size suitable for the drawing 
board. Having once plotted these curves it will be found convenient to 
draw from them on a piece of tracing eloth two curves for each radius, 
whose distance apart in the Y direction is edguivalent to 3/8 inch plus 
the spread of the rails for that curvature to the scale 1/b. A set of 
curves so prepared can be used over and over again if the investiga- 
tion is done on a piece of tracing paper placed over this sheet. If the 
investigation drawing is to be kept for record purposes and such in- 
vestigations are repeatedly made it will greatly expedite the work if a 
set of templates for the curves are made of some suitable material. 
While the curves drawn from Table 3.2.5.(a) are a handy size for the 
drawing board and give very accurate results, they are too large for 
handy reference and for putting into ordinary files and for that pur- 
pose, provided accuracy of such a high order is not essential. Table 
3.2.5.(b) has been compiled with b — 4 and bn — 40. Curves drawn 
from these values can be drawn conveniently on foolscap paper (see 
figure 3.2.5.) and as displacements are shown in 1/4 full size the in- 
vestigation is still accurate enough for many purposes. 
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Table 3.2.5 (b) 
YEXA/2R-XE/SRARSIGRE ese 
Y—sy/b—y/d: X—x/bn—x/40 


POINTS 1 2 3 N 5 6 7 8 

X in inches 36 2 108 144 180 216 252 288 
X in inches 04904 rd: SOU]! 2470 Ha as60; ad 50 AS 40 dAEBON EA E0 

ENE SPA 0-54 | 2-16 | 4:86 | 8-64 | 13-50 | 19-44 | 26-46 | 34-56 
es KERS sy EE 0-01 eg oo Vlae MR 
100 ft. Y 0213: | OAR add 3:39 || A44S0, || OGE SIE 
180 ft. Y OF0SA OO OF6ST 1520 1-88 | 2-71 | 3-69 | 4-84 
B]5oft: N 0-05 | 0-19 | 0-44 | 0-79 1423 de 77. 240M ba BE de 
300 Tt. N 0-04 | 0-18 | 0-40 | 0-72 12 IE BE 01 MM 2sg 
350 ft. N 0-04 0316), 0354 OEET 0:96 1-89 || 69) RAAT 
400 Tt. SE @“@3 || 0-14 || 031” 04 0-85 | 1:22 | 1:63 N 26 
500 ft. HY 093 EO: MAN NNOE2S IE 0:43 Oe68 N 097 MIE 2 Ere 
600 ft. yy 0:02. || OOS. | 0-20: | 70-36 0-57 | 0-81 1-10 | 1-44 
700 ft. jy AM TE OTOs OIE OS] 0-48 | 0-69 | 0-95 | 1:24 
1000 ft. Y 9:01 || OEOS Ke OS EO DI 0-34 | 0-48 | 0-66 | 0-87 


32.6.1. To investigate the relative position of the various wheels of a 
locomotive in a particular curve a line parallel to the X axis is drawn 
and on this, in the reduced scale chosen, is indicated by points the po- 
sition of the various wheels; lines parallel to the Y axis are drawn 
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through these points to cut the pair of curves representing the rail 
edges, as shown in figure 3.2.6.(a). Bearing in mind that the front 
wheels have a tendency to run against the outside rail and the hind 
wheels against the inside rail, or radially in the cases where the wheel- 
base is short enough to allow of this, the position of the wheels and 
the locomotive axis can be found by making allowance for the amount 
of possible movement of each pair of wheels in the frame, the amount 
of sideplay of a bogie, any restraint introduced by the frame, etc. In 
this connection it should be pointed out that generally the boxes have a 
small play in the horns to prevent jamming but this is usually neglected 
as they may be compensated for by small inaccuracies in the track; 
however, this is a matter to be considered on its merits from case to 
case; where special sideplay is allowed either between the boxes and 
the horns or between the boxes and the wheels this must naturally be 
taken into consideration. It must be borne in mind as stated previously 
that all angles are enlarged n-times and while in the case of bogies 
or bissel-bogies it might appear that the wheelbase is not correctly 
represented the actual error (as explained before) is only (1 — the 
cosine of the actual angle). 


3.2.6.2 In figure 3.2.6.(b) is shown an investigation for the Class 18 
experimental locomotive of the S.A. Railways. This locomotive has a 
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2-10-2 wheel arrangement; the front carrier wheelset can move side- 
ways by * or — 1 inch in its boxes and these are fixed in a bissel 
type bogie, which can swivel on a pivot attached to the boxes of the 
first pair of drivers, which in turn are free to move relatively to the 
frame by 1 inch in either direction; this arrangement is known as the 
Krauss-Helmholtz bogie. The leading carrier wheelset and the leading 
driving wheelset run against the outside rail, as was the designer's 
intention and is usual for this type of bogie; the trailing driving wheel- 
set runs against the inside rail and it will be seen that in the case of a 
275-foot curve the second driving wheelset is tight against the inside 
rail by 3/8 inch, while the flangeless wheels move across the rails to 
such an extent that there is a great danger of their dropping off, es- 
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pecially if there is any play in the axleboxes. A trial on a 275-foot curve 
corroborated these conclusions: the second driving wheelset was forced 
over so hard against the inside rail that the outside wheel actually 
lifted off the rail and the flangeless wheels were on the point of drop- 
ping off the track. This locomotive, therefore, cannot negotiate a 275- 
foot curve satisfactorily and is even tight on a 300-foot curve, but is 
satisfactory on curves of bigger radius, provided the boxes of the 
flangeless wheels are in reasonable order. 


8.2.6.3. In figure 3.2.6.(b) is shown a possible modification which will 
enable this locomotive to negotiate a 275-foot curve. This obviates the 
possibility of the flangeless wheels dropping off the rails and is also 
believed to reduce the sidewear on the boxes. (This locomotive has been 
serapped and these remarks are therefore of academic interest only to 
illustrate how this method is to be used). It will be noticed that the 
first pair of drivers has been given 1-1/4 inch sideplay, only the third 
pair of drivers has been made flangeless, while the fourth pair has been 
given # inch sideplay either between the boxes and the horns or be- 
tween the axles and the boxes and also the crankpins have been made 
longer to allow of their moving in the coupling rods by # inch either 
way. The additional lateral movement of the trailing bissel and the 
back end of the locomotive is about 1-5/8 inch, but this as well as the 
additional 2 inch in front ought not to offer insurmountable difficulties. 
Besides the possibility of negotiating a 275-foot curve both the fourth 
and trailing driving wheelset are guided by their own flanges in all 
curves less sharp than 450-foot radius, which means a probable reduc- 
tion in the sidewear of the boxes; furthermore it will be noticed that 
the only pair of flangeless wheels are either running radially or (more 
often) outwards, so that there is less danger of their dropping off the 
track when sidewear develops. 


3.2.6.4. In the case of Garrett locomotives, or other vehicles longer than 
provided for in these curves, the vehicles must be articulated and it is 
still possible to use these curves by the following device: (see figure 
3.2.6.(c)). A Garrett locomotive consists of two main bogies, each prac- 
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tically eguivalent to an ordinary locomotive, and a main frame resting 
on these main bogies by means of pivots; the one main bogie runs with 
cylinders leading and the other with cylinders trailing. We, therefore, 
first deal with the “leading” bogie as a separate unit and determine its 
configuration relative to the track and the exact position of the pivot. 
We then do the same with the trailing main bogie. Having thus de- 
termined the positions of the two pivots we can then determine the 
exact position of the main frame relative to the track and generally 
also to the main bogies by suitably fixing another point of each main 
bogie on this third diagram. A way of doing this has been indicated 
in the figure. While the method explained above has been developed in 
the first instance to investigate the negotiation of curves by steam 
locomotives it is obvious that it is also applicable to any other type of 
locomotive or to any other rail vehicle for that matter. 


1) Simon p. 71. 


8.3. ADDITIONAL FORCES INVOLVED WHEN A VEHICLE 
NEGOTIATES A CURVE 


38.3.1. In 3.2 we dealt mainly with the positions of the wheelsets and 
vehicles relative to the track, without much attention being given to 
the actual forces involved. In 3.1 it was pointed out that there were 
additional forces and we endeavoured to determine the additional force 
opposing movement of the train as a whole without, however, referring 
to the individual forces acting on each wheelset; incidently we referred 
in 3.1.5 to the work of Prof. Heumann and his attempts to analyse ma- 
thematically all the forces involved. As stated there, the exhaustive 
way in which he attempts this analysis is outside the scope of this 
work. Moreover, the alterations to the dimensions and to the contours 
of the wheels and the rails due to wear causes changes which make 
exact mathematical analysis at most applicable to newly turned wheels 
on new rails and therefore of doubtful practical value except to illus- 
trate principles. 


3.3.2. However, it would appear useful to deal with a few general prin- 
ciples in this connection although we must realize that to do this we 
must make generalizations and approximations and that, therefore, any 
calculations made must be accepted as approximations only. 


3.3.2.1. When a body, A, rests on a body, B, and an attempt is made to 
slide A relative to B a force is called into play by friction which is 
opposed to (and tends to prevent) the desired movement. Only when 
the force tending to cause sliding movement exceeds a valueuP, where 
P is the force with which A presses against B and u is the coefficient of 
friction, does relative movement, i.e. slipping, take place. As is well- 
known the value of u depends on the nature of the two surfaces touch- 
ing each other. 


8.8.2.2. The same applies when a wheel is stationary on a rail and an 
attempt is made to slide the wheel on the rail without rolling it at the 
same time. If, however, the wheel is rolling on the rail the position is 
changed. Heumann on pp. 18 and 19 of his publication, referred to 
above, discusses this case and endeavours to explain what happens. 
Briefly and simplified it can be put as follows: In figure 3.3.2.(a) let 
A,, A,, etc. represent elementary sections of the wheel tread and B,, 
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B,, etc. represent elementary sections of the rail head, all of them of 
egual length in the unstressed condition. If we now apply a force, F, 
to the wheel tending to make the wheel slip to the right the frictional 
force between the wheel and the rail tends to oppose this slipping. If, 
therefore, A; is resting on B, this frictional force will tend to elongate 
A, and compress A,. Similarly the frictional reaction on the rail will 
tend to compress B, and elongate B,. If now the wheel rolls so that A, 
rests on B, it will be seen that A, is slightly ahead of B,. Similarly if 
the wheel rolls in the other direction so that A, rests on B, it will be 
seen that A, is ahead of B,, in the direction of the force, F. In either 
case the wheel moves slightly relatively to the rail in the direction of 
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the force, F, without actually slipping. We designate this type of rela- 
tive movement by “CREEP” and measure it as the ratio of the amount 
of relative movement to the distance rolled by the wheel. In the same 
way, see figure 3.3.2. (b), if the force, F, is applied to the wheel at right 
angles to the rail, i.e. axially to the wheelset, the frictional force be- 
tween wheel and rail will tend to prevent slipping and bend the rail 
head in the direction of F and the wheel tread in the opposite direc- 
tion so that if A, is resting on B;, and the wheel rolls till A, rests on 
B it will be seen that the wheel has moved slightly in the direction of 
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F without actually slipping. Here again we can measure this (axial) 
“OCREEP” by the ratio of the distance moved in the axial direction to 
the distance travelled in the rolling direction; or as Heumann puts it: 
the ratio of the speed of the relative movement to the speed of the 
rolling movement. 


3.3.2.3. It will be appreciated that the bigger the force, F, applied the 
bigger will be the elastic deformations and hence the bigger will be the 
creep. The biggest creep will occur just prior to slipping when F — uP. 
If at this point the creep has the value, C, we would expect the ereep, 
C', for a force, F' — wP, to be u/u X C, if the relation is linear. Heu- 
mann points out that tests made by the “Verein Mitteleuropaeischer 
BEisenbahnverwaltungen” (V.M.E.V.) indicates that the relation is ap- 
proximately linear and that the maximum creep is 1/240 or 0.417 %. 
The axial ereep has not been investigated to the same extent but as a 
first approximation we will assume the same relations. 


3.3.2.4. When we deal with a wheelset with rolling circles of slightly 
different diameters rolling on a track under restrained conditions it is 
very often convenient for calculation purposes to regard the one wheel 
as subjected to pure rolling and calculate the apparent ereep of the 
other wheel; however, we must remember that in actual fact this 
amount of creep will be evenly divided between the two wheels, the one 
creeping forward and the other creeping backward (relative to the 
direction of rolling). The same applies to wheelsets with slightly dif- 
ferent diameters coupled by a cardan shaft drive. In the case of axial 
creep, however, both wheels creep in the same direction and the creep, 
C', is given by u/u X C, where F is the total axial force applied to the 
wheelset, P the total weight with which the wheelset rests on the rails 
and F — uP. 


3.3.2.6. On p. 474 of “Eisenbahn-Technische Rundschau” of November, 
1954, Dipl-Ing. Fritz Kugel, in dealing with a similar problem of creep 
of driving wheelsets of slightly differing diameters coupled together 
by cardan shafts, gives a diagram showing the coefficient of friction 
between wheels and rails for various speeds and also the values of the 
“pseudo-friction” (ie. uw in 8.8.2.4) when (D' — D)/D has certain 
values. As explained above (D' — D) D is the calculated creep at one 
wheel if we consider the other as subjected to pure rolling only and is 
twice the creep at each wheel. This diagram is shown in figure 3.3.2.(c) 
and is based on various experiments (five publications are referred to). 
If, from this diagram, we read off the values for u” Yor different 
amounts of creep for each particular speed, remembering that creep 
according to our definition is (D' — D)/2D, we obtain figure 8.3.2.(d). 
Heumann's value has also been shown in this diagram for u — 0.25, 
which he states is a fair average value and corresponds to Kugel's 
value of u for a speed of about 17 m.p.b. The agreement in general is 
striking; the values of u' shown for (D' — D)/D — 0 are difficult to 
explain. However, if we refer to “Eisenbahn-Technische Rundschau”, 
October, 1954, pp. 428—430 (one of the articles referred to above) it 
appears that average values of the diameters of each wheelset are 
taken and the diagram carries an inscription “(D' — D)/D edual to 
practically 0”. In any case these values are of no conseguence for this 
investigation. Kugel's diagram is of broader application as it gives 
values for different speeds. (If we refer to 2.7.9.2, where it was ac- 
cepted that u — 4 was a good average value for the adhesion figure 
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and bearing in mind that the speed at which this figure applied was 
round about 10 to 15 m.p.h., it will be seen that figure 8.3.2.(d) sup- 
ports the value assumed there; it also explains the statement that this 
value should really increase with slower speeds). We will therefore ac- 
cept the values shown in figure 3.3.2.(d) as the basis for our further 
investigations. Kugel speaks of “Rollschlupf” (rolling creep) for the 
ratio (D' — D)/D and his figures for ereep are double those shown in 
figure 3.3.2.(d); care must be exercised when encountering this ex- 
pression in the literature to establish exactly what definition of creep 
is accepted by the writer. 


3.3.3. If we can establish the amount of movement of the wheels rela- 
tive to the rails, i.e. the creep, we can, from the foregoing, arrive at 
the forces involved. 


3.3.3.1. Consider a wheelset running in a curve with the outside wheel- 
flange touching the rail on a 3-foot 6-inch gauge; see figure 3.8.3. 
The “rolling eircles” will be k inches apart, where k is about 3-feet 
7-inches. While k will increase by the amount of gauge-widening, W, 
on curves this amount is only 2% of k or less and can be negelected for 
this investigation which, at most, is only an approximation. It is clear 
that when the wheelset runs against the outside rail D' — D - (8/8 - 
w)/10, due to the 1 in 20 coning of the wheeltreads. If now the wheel- 
set rolls (without either wheel ereeping) through a small angle, B, 
from the position MS to the position NT we have the following rela- 
tions: 

P MA — MN — MN — BED 

(RI Me As St —E SMS BY ADA Gal AA) 
hence B x ((D/2 - (8/8 TE w/20)) — MB it ky TA 

ER kl: DI) EF 
or D/2 4 (2/8 4 Ww)/0 DAT ER # E/R 
ss (GE se Ik 18)) se TB 

or (3/8 H w/10 — KD/R 
The carrying wheels usually have D — 284, 38 or 34 inches and the 
driving wheels D — 48, 54 or 60 inches. 

Substituting D — 60 in the above edguation we have for pure 
rolling 


43 x 60 x 10 

R (feet) — —— 
(3/8 H w)x 12 
— 2150/(8/8 Hw) 

By substituting the different values of D and w we obtain: 


Table 3.3.3 (a) 


D 60 54 48 34 33 28% 
wi “375 | 5730 5160 4580 3225 3150 21720 
ws 625] (3440) (3100) (2750) (1945) (1890) (1635) 
wis “875 (2475) (2230) (1980) (1400) (1360) (1175) 
wE$s— 1125] (1915) (1720) (1530) (1105) (1070) (910) 


R ft. 
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From this it is clear that in all curves sharper than those indicated on 
the line opposite to w TH 3/8 — .375 the outside wheel must creep for- 
wards and the inside wheel backwards. 


3.3.3.2. Another way of getting an idea of the movement of the wheels 
relative to the rails is to determine the amount of relative movement 
of one wheel (assuming that the other is only rolling) and remember- 
ing that the actual creep of each wheel is only half this value. Refer- 
ring again to figure 3.3.3, if the wheelset is running in a curve with the 


flange of the outside wheel against the outside rail and we assume 
that the inside wheel is subjected to pure rolling, we have: 


RxA-—MN —MN —BxD/2 
St EBK DY 
RAL 
es x ((D/2 4 (w 4 8/8)/20)) 
'D 
SEA MORE NE) El N 
hence the actual ereep per wheel (divided edgually between the two 
wheels is: 
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ST ST RR TE) A—RYxA( H (ww 8/8)/10 D)) 


2 war 2 RT RA 
1 H k/R) — (d H(w .8/8)/10D)) 


2 (1 4 E/R) 
k/R — (w 4 8/8)/10D 


2 
if we neglect k/R as small compared with unity. For the various values 
of R and D we therefore get the creep as shown in Table 8.3.3. (b). 


Table 3.3.3. (b) 


D 60 54 48 4 33 281 
R — 215; wHR—l1-125 “0056 “0055 “0053 “0048 “0048 -004S 
R300; w#—1-125 “0050 0049 “0048 “0043 “0043 | “0040 
R700; wis “875 “0018 “0017 “0016 “0013 “0012 “0010 
R — 1000; wis “675 “0013 “0012 “OO11 “0009 “0008 “0007 
R1500; wis “375 0009 “0008 “0008 “0006 “0006 “0O0OS 


If the wheelset runs centrally in the track the factor 
(3/8--w)/10D becomes zero and for all values of D we have the fol- 
lowing amount of creep: 


Table 3.3.3[(A) 


R. feet 215 300 700 | 1000 | 1500 


creep | -0065 -0060 -0026 | -0018 | -0012 


If the wheelset runs against the inside rail the factor 
(3/8 4 w)10D becomes positive and we get table 3.3.3.(d) for the 
amount of cereep: 


Table 3.3.3 (d) 


D 60 s4 48 34 33 28% 
Ra 275 ft. “0074 “0075 -0OT7 “0081 “0082 “0080 
R— 300 ft. “0069 -0070 |  -0071 “0076 “0077 “0079 
Ri 700 fi “0033 “0034 “0035 *0039 “0039 “0041 
R — 1000 f. “0023 “0024 “0024 “0027 “0027 “0029 
R — 1500 ft. “0015 “0015 “0016 “0017 “0018 “0019 
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3.3.3.3. In addition to rolling and ereeping longitudinally the wheelsets 
may tend to creep axially. If the wheelset is running centrally and 
tangentially to the track and is constrained to continue to occupy this 
position relative to the track it would appear that in travelling from $ 
to T, figure 3.3.3.(a), it moves inwards by an amount T”T, where ST” 
is the tangent to the curve at the point $. Taking the origin at a point 
on the circle and the diameter as the Y-axis the eguation of the circle 
can be written: 

VI —SRE II: VSRE E 
and TT” eguals y if ST” is egual to Xx; the axial creep in this case is 
TT”?/ST”; hence putting ST”, ie. x, egual to unity we get the following 
values for y, i.e. the axial ereep: 


Table 3.3.3 (e) 


R feet 215 300 350 A00 500 


y -O018 | 


0017 -0014  |  -0013 | -0010 


While the foregoing seems plausable at first sight it immediately 
becomes guestionable if, instead of putting x egual to 1 foot, we put 
it egual to 1/100 foot (about 1/8 inch). The asxial ereep which pre- 
viously was egual to 

(12/2R) divided by 1 — 1/2R 
becomes (1/100)*/2R divided by 1/100 — (1/100)/2R. 
It is therefore not a straight ratio but dependent on the length of the 
rolling distance and in the limit the ereep is dy/dx at the point where 
x — 0, which is zero. If we remember that the wheel is running tan- 
gentially and by the constraint it is forced to keep running so it will 
be clear that there is no axial ereep. 


3.3.3.4. If the wheelset instead of running tangentially, ie. its axis in 
the direction of the radius of the curve, runs in a direction inclined to 
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this tangent (ST”) at an angle @ the amount of axial creep due to this 
angularity is tan @. The angle can be measured off fairly aceurately 
on diagrams as per figure 3.3.4.(a) bearing in mind that all angles are 
magnified n-times. Values 4 to 2 degrees will usually be found for 
wheels near the ends of the main frame and whose directions are deter- 
mined by the main frame. Now tan 1” — 1/57.2 — (.0175 and henece 
we can determine the value of tan @ for each wheelset from the dia- 
gram showing the position of the vehicle and its wheelsets relative to 
the track. We now have the possibility of determining the various move- 
ments of each wheelset relative to the track for a given vehicle and a 
given curve. 


3.3.3.5. If, for a given wheel, we find a longitudinal creep, C,, and an 
axial creep, C,, we must remember that according to the parallelogram 
law they will combine to a resultant ereep, C, along the diagonal and 
egual to the sguare root of C,2 * C,”. If this resultant ereep is bigger 
than the maximum possible amount of 0.4% the wheel will slip and 
the maximum resisting force will be uP. The longitudinal component 
of the force will be (C,/C) x uP and the axial component, (C,/O) * uP. 


3.3.4. The way this method can be applied to a particular case is best 
explained by taking one or two concrete cases and making the actual 
calculations. From the foregoing it will be evident that the maximum 
forces between wheels and rail will occur in the sharp curves at slow 
speeds and only in special cases will there be a point in investigating 
the forces in a medium curve. Tt has actually been observed that when 
certain eight-coupled locomotives, such as Class 12A or Class 23, ne- 
gotiate the sharp parts of a nominal 300-foot curve at dead slow speed 
the intermediate-trailing wheelset is pushed so hard against the inside 
rail that occasionallly the outer wheel actually lifts off the track and 
it would therefore be of interest to see whether calculations to the 
above theory will offer any explanation for this phenomenon. 


3.3.4.1. Consider Class 12A on a curve of 275 foot radius: Taking an 
end view of the locomotive (see figure 3.3.4.(a) lower right) the track 
is super-elevated 4.5 inches on an actual gauge of 42% inches so that 
the inclination to the vertical is about 1 in 10. The centre of gravity 
of the locomotive is 584 inches above rail level. For the locomotive 
as a whole we therefore have a force, G, acting vertically down at this 
point, giving a component 01 G inwards, parallel to the top of the 
track and a component (0.995 G perpendicular to the track. This latter 
can be taken as egual to G for all practical purposes. If we number 
the wheelsets from the front we can say that at each wheelset there 
is a force perpendicular to the track egual to G,, G,, etc. and a force 
parallel to the track top inwards egual to 0.1G,, 0.1G,, ete. The force 
O01G can be regarded as being applied at the axis of the wheelset if, 
in addition, we add a couple 0.1G(58-1/2 — D/2) acting on the wheelset 
tending to tilt the wheelset inwards. The rails therefore exert egual and 
opposite forces on the wheelsets. The moments on the wheelsets will 
result in unegual pressures on the rails tending to overload the low 
leg (at slow speeds) which, however, is of minor importance as far as 
this investigation is concerned, except on wheelset numbers one and 
five as will be discussed later. 


3.34.2. We now apply the elliptical method to obtain the position of 
the frame and wheels relative to the track; see figure 3.3.4.(a) top. 
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The front wheelset of the leading bogie will run against the outside 
rail; the trailing wheelset of the bogie will run with its axis radially, 
ie. in the direction of the tangent to the curve, unless it is forced to 
run otherwise. Wheelset number five will run with its flange hard 
against the inner rail; the front end of the frame will be swung out- 
wards by the wheelsets number three and four; we will assume for 
the present that it will swing the full amount allowed by the sideplay 
in the bogie, namely four inches, thus 'calling into play the full control 
force of 6.25 tons of the swing links and 2.95 of the control springs, 
giving a total of 9.25 tons, but without touching the stop. This deter- 
mines the position of the frame relative to the track as indicated by 
the full line. The trailing bissel will tend to run tangentially, i.e. with 
the axis of wheelset 7 running radially and it would appear that this 
is just possible if it swings the full amount of sideplay allowed, namely 
3-3/8 inch; again we assume that it just does not touch the stop and 
is only subjected to the maximum control force of the spring making 
F;, egual to 8.35 tons inwards. The gravity component of 01G, — 1.26 
tons will tend to slide the wheelset inwards and the control spring to 
slide it outwards by a force 3.35 tons giving a resultant of 2.99 out- 
wards which is less than 0.338 G,, so that the wheelset will run very 
nearly in the radial position, unless the bogie touches the stop on the 
frame, when the wheelset may be pulled outwards until its flange 
touches the outside rail. 


3.3.4.3. Wheelset number three, which is flangeless, tends to run out- 
wards and is prevented from running off the track by the main frame; 
it runs in the position where the outside flange, if it had one, would 
touch the rail; according to table 8.3.3.(b) its theoretical longitudinal 
creep, C,, is .0054. It runs inclined outwards at a (measured) angle of 
15*/10 — 1.5” to the tangent to the track so that its axial ereep C, 
is 16 x .0175 — 0263 inwards. According to the paralellogram law 
this gives a resulting creep, C, of .0268. However, the maximum when 
slipping occurs is .004 with a corresponding coefficient of friction of 
0.33 and a resisting force of 0.33 x 17.3 — 5.72 tons. Resolving this 
force into components we get a longitudinal force egual to 5.72 x .0054/ 
0268 — 1.15 tons. The longitudinal forces will be applied backwards 
on the outside wheel and forwards on the inside wheel by the rails and 
transmitted to the frame giving a clockwise couple egual to 115 x 8.65 
ft.-tons. The axial resisting force is 5.72 x .0263/ .0268 — 5.61 tons; 
this is applied by the rails to the wheels outwardly and has to over- 
come the gravity component of 01 G, — 1.78 tons and the remainder, 
egual to 3.88 tons is transmitted by the wheels to the frame, so that 
F, eguals 3.88 tons. 


3.3.4.4. Wheelset number four runs almost against the inside rail. 
From table 3.3.3.(d) the longitudinal creep, C,, is .0076. It runs at an 
angle of 6”/10 — 0.6 degrees to the tangent and therefore the axial 
creep C, is 0.6 x .0175 — .0105. This gives a resultant theoretical creep, 
C, egual to .0130. However, the maximum when slipping starts is 004 
with a coefficient of friction of 0.33 and a resisting frictional force of 
0.33 x 17.26 — 5.68 tons. Resolving this into components we get a 
longitudinal force of 5.68 x .0076/ .0130 — 3.32 tons, so that the rails 
will apply a couple of 8.32 x 3.65 foot-tons to the wheelset, which will 
in turn apply this couple to the frame. The axial component is 5.68 Xx 
-0105/.0130 — 4.58 tons. This latter force is the resistance offered by 
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the rails to the axial movement. It has to overcome the gravity com- 
ponent of 1.73 tons and the remaining force of 2.85 tons is transmitted 
by the wheelset to the frame, so that F, — 2.85 tons. 


3.3.4.6. Wheelset number six is running with its flange almost touching 
the outer rail and according to table 3.3.3.(b) its theoretical longitu- 
dinal creep is .0054. It tends to run inwards at 14/10 — 1.4 degrees 
to the tangent, which gives it a theoretical creep of 14 x 0175 — 0245 
outwards. This gives a resultant creep of .0253. But sliding occurs at 
004 and the corresponding force is .33 x 17.8 — 5.7 tons. Resolving 
this into components, we get a longitudinal component 5.7 x .0054/.0253 
— 1.22 tons so that the rails will apply to the wheels and the wheels 
to the frame a clockwise couple of 1.22 Xx 8.65 ft.-tons. The axial com- 
ponent is 8.7 x .0245/.0253 — 5.52 tons. This tends to push the wheel- 
set inwards. In addition there is the gravity component of 1.73 tons 
tending to push the wheelset inwards, thus giving a total of 7.25 tons, 
Which in turn is transmitted by the wheelset to the frame. Therefore 
F; is egual to 7.25 tons. 


3.3.4.6. Taking moments round point 5 we have for the frame: 


F, Xx 1626 —F,x 9 4115 x 86 HE, x 45 H 8.82 x 8.65 
dr Want 54 ld 29. Xx 8.6EpIdE de 1215 
— 888 x 9 115 x 3.65 H 2.85 x 45 H 8.89 x 8.65 
ie ME AB 1 12 s8 GEM 885 1RTD 
—Ia49 HAY 12.82 19.23 H8R6 HA4AB ART 
hence F, — 148.9/16.25 
— 8.85 tons. 


This is slightly less than the controlling force of 9.25 tons at 4 
inches side-movement. From the controlling force diagram the frame 
will therefore only move about 3.6 inches relative to the bogie, when 
balance will occur. At first sight this might tend to pull the main frame 
further round with the result that the flange or wheelset number seven 
might touch the outer rail and the bissel be pulled hard against the 
stop with resulting disturbing alterations all round; this will be dis- 
cussed further when we come to the front bogie. If we super-impose 
the elliptical curves for a 300-foot curve on those for a 275-foot curve 
it will be realized that the difference in alignment of the track is only 
about 4 inch in the length of a locomotive and it will, therefore, be 
clear that inaccuracies in the alignment of the track of as little as 2 
inch can seriously effect our calculations. 


3.3.4.7. If we now sum up all the ““axial” forces acting on the frame we 
get: 

F 

or F; 


F,—EF—EHE TE —0 
EF, EF, HE —FEF—F, 
8.85 -4 7.25 4 8.35 — 8.88 — 2.89 
12.72 tons. 
Therefore the frame is pushing the wheelset inwards with a 
force of 12.72 tons, 


IE IE] 


3348. Now consider the wheelset number five, figure 38.3.4.(a), lower 
middle: At its axis we have this 12.72 tons and the gravity component 
of 1.73 tons both acting inwards; this with the reaction of the rails 
give a couple of 14.45 x 254 inch-tons. Add to this 0.1 G; x 33 and we 
get a total moment of 425.6 inch-tons anti-clockwise. The axle load of 
17.3 tons acts downwards at the centre line of the locomotive giving a 


497 


clockwise moment of 17.3 x 22 — 3880 inch-tons. These two moments 
nearly balance each other and small diserepancies in the track (and 
other factors) will determine whether the wheel will run on the rail or 
lift. During the trial of a locomotive of this class steaming light and 
dead slow on a nominal 300-foot curve, the outside wheel number five 
actually lifted several inches at certain spots and every time at the 
same spots when the test was repeated. From the above it would appear 
justified to accept that at those spots there were irregularities in the 
track making the virtual radius slightly less than or egual to 275 feet, 
although the off-sets measured gave an average radius rather in ex- 
cess of 275. With increased speed the coefficient of friction decreases 
and the centrifugal force counteracts the gravity component and the 
wheel does not lift anymore. The creep forces on wheelset 5 have been 
disregarded, because the axial force is directly opposed by the flange 
force and the longitudal forces are practically nil due to the fact that 
there is hardly any load on the outside wheel . 


3.3.4.9. Let us now study the leading bogie more closely: If the bogie 
runs as shown by the full line, F, — 8.85 tons. But the total axzle load 
is 17.3 tons so that F, will overcome the frictional forces on the wheel 
treads and the trailing wheelset will be pulled outwards till its flange 
touches the outside rail and the bogie will run as shown by the dotted 
line, and therefore the main frame can run in the position shown with 
a displacement relative to the bogie centre of only 38.8 inches and 
F, — 8.85 tons. For wheelset number one the longitudinal creep accord- 
ing to table 38.3.3.(b) is .0045. The inclination of the wheels to the tan- 
gent is about 5*/10 — (0.5 degrees, giving a theoretical ereep of 0.5 Xx 
0175 — 0088 inwards. The resultant theoretical ereep is .0099 which 
is bigger than .004 so that slipping occurs against a frictional force of 
33 x G, — 2.86 tons. Therefore the axial resisting component is 2.86 x 
O0088/.0099 — 2.52 tons, ie. there is a frictional force of 2.59 tons 
acting outwards on the wheel tread. 

TÉ F is the horizontal component of the force of the rail against 
the flange we have: (see figure 3.3.4. (a) lower left): 

Hy 0 G—FEF/2—9252 —0 
hence F, — 252 H 4438 — 865 

— 6.18 tons 

The flange will touch the rail in a surface inclined at about 30 
degrees to the vertical. (The actual angle will depend on the amount 
of wear of flange and rail). If N is the normal force and uN the fric- 
tional force we have: 

F — N eos 30% — N. sin 30" 
hence N — — 618/(0.866 — .83 x 0.5) 

— 8.83 tons. 

If F, is the upward component of the rail force on the flange we 
have: 
H : N sin, 30 2 uN, cos SOP 


U 


— 883 x (0.5 H 0.83 x 0.866) 
— 6.93 tons. 


The flange will touch the rail a little ahead of the point where 
the tread is touching the rail and F will have the tendency to lift 


the wheel. The bogie weighs about 3 tons so that the frame rests on 
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the bogie with a force of about 14.3 tons 3.8 inches outside the bogie 
centre. If we assume that yt acts at the same height above rails as 
the wheel centres, we can calculate the wheel load of the outside lead- 
ing wheel by taking moments round the head of the lower rail and 
dividing by 44. This gives us (see figure 3.3.4.(a), lower left): 

(4oi%. 28 H-D1S OES N AAS lid DS 

— 865 Xx B85)/44 

— 5.35 tons 
As F, is 6.93 tons it will be that there is a definite tendency for the 
wheel to be lifted over the rail and in locomotives of this type it is 
very desirable that the weight on the bogie should be at least 125% 
of the average weight on each of the driving axles; fortunately all 
sharp curves are usually provided with check rails which, in effect, 
make the force N act horizontally and egual to F , thus preventing 
derailments. : 


3.3.4.10. CLASS 23: Figure 83.3.4.(b) shows the wheel arrangement and 
weights of class 23 locomotive. From the curve diagram it will be seen 


CLASS 23 
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FIGURE 3.4.(b) 


that it is assumed that here, as with class 12A, the trailing wheelset 
of the leading bogie will be pulled against the outside rail by the con- 
trol forces. It will be seen that on a 275-foot curve wheelset number 
five will be hard against the inside rail and wheelset number six hard 
against the outside rail. It also seems that the trailing bissel will be 
hard against the stop and the wheelset pulled against the rail. In short 
the locomotive cannot negotiate a 275-foot curve without “pinching”, 
unless full use is made of the 1/8 inch play usually allowed between 
each box and the horns. We can therefore assume that the outside 
wheel number five lifts or is on the point of lifting. 


3.3.4.11. The diagram of a 300-foot curve is also shown and it would 
appear that the locomotive can just negotiate this curve. Again we 
have assumed that the front bogie swings the full amount allowed of 
4% inches, calling into play the maximum control force of 13.4 tons, 
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and that the trailing wheelset runs against the outside rail. If we com- 
pare the boiler height above rail level with that of locomotives where 
the height of the centre of gravity is known we deduce that the centre 
of gravity is about 65 inches above rail level and, as before, we can 
calculate the inward component and the tilting moment on each wheel- 
set. The trailing bissel will deflect 44 inches from the mid-position, 
thus allowing the wheels to run tangentially. From the control force 
diagram the control force will be 2.1 tons. Hence F', is egual to 21 tons. 
On the wheelset this force of 21 tons will act outwards and the gra- 
vity component of 1.74 tons inwards giving a resultant of (0.36 tons 
outwards which will not appreciably effect the running of the wheelset. 
The small force acting on the bissel fulcrum due to the creeping force 
couple on the wheelset is neglected. 


3.3.4.12. Wheelset number three runs at an angle of 18*/10 — 1.8 de- 
grees relative to the tangent outwards, which gives C, — 1.8 x 0176 — 
0315. From table 3.3.3.(b) we read off C, — .0051. Hence CO — .0819. 
The frictional resisting force is 0.33 x 17.8 — 5.87 tons. The longitudi- 
nal component is 5.87 x .0051/.0319 — 0.94 tons. The axial component 
is 5.87 x .0315/.0319 — 5.8 tons. As the wheelset runs hard against the 
outside rail this force is transmitted to the rail by the flange and not 
to the frame. The wheelset is deflected about 4 inch from the mid- 
position and the control force called into play is 4 tons, so that F; is 
4 tons inwards. On the wheelset this force is opposed by the gravity 
component of 1.78 tons leaving a resultant outwards of 2.22 tons. This 
together with the axial component of the tread frictional force gives 
a total horizontal force of 8.02 tons, which will be applied by the flange 
to the rail. Hence: 


F — N cos 30” 4 uN sin 30” 


or N — 8.02/(0.866 — 0.33 x 0.5) 
— 11.45 tons. 
and F — N sin 30% TH uN cos 30” 


11.45 Xx (0.5 4 0.83 x 0.866) 
9.0 tons,. 


As the wheel load is 8.9 tons the position would be critical if it 
were not for the check rail. As will be shown in 3.3.4.15 the frame will 
probably have to swing inwards until wheelset number three runs cen- 
trally; in this case io and F ' will be reduced to almost half the above 
values. 


3.3.4.13. Wheelset number four runs outwards at an angle to the tan- 
gent of 6”/10 — 0.6 degrees; hense C, eguals 0.6 x 0175 — 0105: OG, 
from table 3.3.3.(d) eduals .0068; therefore C — .0125. The frictional 
force is 18.85 x 0.33 — 6.22 tons. The longitudinal component is 6.22 Xx 
-0068/.0125 — 38.38 tons. The axial component is 6.22 x .0105/.0125 — 
5.22 tons. This force is applied outwards by the rails to the wheels 
and is opposed by the gravity component of 1.89 tons leaving a re- 
sultant of 3.33 tons outwards which is transmitted by the wheels to 
the frame so that F, eguals 3.33 tons outwards. 


3.3.4.14. Wheelset number six runs inwards at an angle to the 
tangent of 15%/10 — 1.5 degrees, Therefore C, — 15 x 0175 — 0962. 
From table 8.8.3.(b) C, — .0051. Therefore C — .0967. The frietional 
force is 0.33 x 17.38 — 5.7 tons. The longitudinal component will be 
5.7 Xx .0061/.0267 — 1.09 tons. The axial component is 5.7 Xx 0262/ 
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0267 — 5.6 tons. This force is applied inwards by the rails to the 
wheels. In addition there is the gravity component of 1.73 tons, 
giving a total of 7.33 tons inwards. The wheels will transmit this 
force to the frame making F;, egual to 7.33 tons. 


3.3.4.15. If we now take moments round point 5 of all forces acting 
on the frame we have: 


F,x 18883 — EF, x 14.63 4 1.09 x 3.65 IE NIE AO Rg; 
d 8,38 x 3.65. 09% 86 —F, Mk 
— 21 x 1463 1.09 x 83.65 H 7.38 x 55 ede die 
“BAR ix 05 OO X 365 AO ST TY 
— 1091 — 44 — 651 

hence — 8.46 tons. 
The front ED control force starts at 3.0 tons increasing to 134 
at four inches displacement; the final value would, therefore, appear 
much too big. The front end of the frame will be pulled inwards. 
If this happens to the extent that wheelset three is running at its 
mid-point, F;, becomes zero and F, is 5.8 which is still not nearly 
enough to balance the control force. If we allow for the sideplay of 
% inch between boxes and horns and use a larger scale diagram it 
would appear that the extreme position when “pinching” or “binding” 
occurs at points 4 and 6 gives the bogie deflection as 3-7/8 inch, the 
deflection at 3 about 1/16 inch outwards and 4-7/8 inch at the 
bissel. F, then becomes 3.03 tons outwards, (which makes the position 
regarding climbing much better), and F, becomes 7.6 tons, which is 
not yet enough to balance the control force of 11.87 tons. The un- 
balanced moment is 4.27 x 18.83 and this can only be balanced by 
an opposite moment applied by the rails to the wheels at points 4 
and 6. These extra forces, EF” must be egual to 

(427 x 18.83)/11 — 7.5 tons. 
These additional forces must be considered as excessive and undesirable. 
A maximum value of the control force of about 6 to 7 tons, there- 
fore, seems sufficient and desirable. 


3.3.4.15. If we draw the position diagram for a 1,000-foot curve and 
assume that the deflection of wheelset number three is zero, i.e. 
F, — O, we get a deflection of the front bogie of 1-1/2 inch and 
that of the trailing bissel egual to 1 inch. Calculating as before we 
get F, — 4.93 tons. It therefore follows that at 1-1/2 inch deflection 
the control force should be (say) 5 tons and at 4 inch deflection, 7 
tons, i.e. the control force should start at about 3-3/4 tons and end 
at 7-1/2 tons. This can be achieved constructionally by giving the 
control spring a higher initial tension and making the swing links much 
longer. 


3.3.4.16. If instead of going dead slow the speed is increased to the 
permissible 15 m.p.h. on the 300-foot curve the coefficient of friction 
will be reduced to (0.25 according to figure 38.3.2.(c) and hence all 
the frictional forces will be reduced in the ratio (.25/0.83 i.e. to 
75% of their previous values, so that the control forces could be 
correspondingly weaker. 'The same will apply to the 1,000-foot curve, 
mutatis mutandis, and in addition the centrifugal forces will become 
noticeable. If the locomotive is pulling hard this will introduce additional 
ereep backwards with resultant alterations to the forces; in general 
the axial forces will tend to diminish. The control forces as calculated 
in the previous paragraph therefore represent the maxima reguired. 
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4.0. BRAKES 


41. So far, attention has been given mainly to motive power for 
moving trains. While this is one of the fundamental redguirements 
for the object of railways, namely, to provide transport, another 
fundamental reduirement is due regard for the safety of passengers, 
goods and staff; so much so, that Regulation One deals with this 
reduirement. 


One of the main necessities to comply with this regulation is 
adeguate provision of means to stop the trains and to control their 
speed on down grades. 


4.2. Originally some form of hand brake applied by the driver or 
his assistant to the locomotive was used for this purpose. In addition 
the locomotive could be “reversed” and would then exert a certain 
retarding force due to the '“pump-action.” Reversing, however, can 
at most produce a retarding force egual to about one third of the 
tractive force of a locomotive and is therefore often not sufficient. 
In addition it has certain detrimental effects on the locomotive, if used 
for any length of time, unless special precautions are taken. It there- 
fore became the practice to eduip a certain percentage of the goods 
vehicles with hand brakes and a small cabin for the “brakeman”. 
By a code of whistles the action of the brakemen was organized. It 
need hardly be said that this system was costly and not very 
effective; as a result the speeds of goods trains were low; yet this 
system survived, at least for goods trains, up to the beginning of 
this century in some countries. 


4.3. The demand for some form of power brake that could be applied 
by the driver (or the guard) was therefore very natural. 


4.3.1. One of the earliest attempts to get a power brake throughout 
the train was a chain on each passenger coach which was deflected 
over a pulley and could be coupled to those on the adjacent vehicles. 
The guard then took up the slack by a winding apparatus. When he 
wanted to apply the brakes he used a friction apparatus against the 
wheels of the van; this tightened the chain and applied the brakes 
with a force up to three tons per vehicle. Another was in the form of 
a pipe on each vehicle with flesible couplings between the vehicles 
and a cylinder on each vehicle so arranged that if the air was sucked 
out of the pipe on one side of the cylinder the piston would tend 
to move and in doing so would, by means of levers and pull rods 
apply the brake blocks to the wheels. The vacuum was obtained by 
a steam ejector on the locomotive which pumped the air out when 
desired on the same principle as utilized in the chimney of the 
boiler. The same general principle could be applied by using compressed 
air. While in the latter case the difference in pressure on the two 
sides of the piston could be bigger, and hence the cylinders smaller, 
it reguired a compressor which was heavier and generally more expen- 
sive. This, then, is the principle of the modern “through brake.” 

4.3.2. However, in this simple form the brake does not comply with 
an important reguirement of safety, namely, that should a train part, 
ie. the coupling between two vehicles become uncoupled in any way, 
the brake must come into action automatically on both parts of the 
train, but especially on the hind part and keep it from running back 
on up grades with the possibility of disastrous results. On the vacuum 
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system this is achieved by means of a valve, which provides for the 
creation of a vacuum on both sides of the piston when vacuum is 
created in the pipe, and the application of the brakes is proportional 
to the amount of vacuum destroyed in the pipe and on one side of 
the piston, while the other side of the piston is isolated from the 
pipe by the valve and the vacuum is left undisturbed. 'The difference 
in pressure moves the piston and applies the brakes. A parting of 
the train would part the pipe coupling as well, letting in air and 
completely destroying the vacuum in the pipe and on one side of the 
piston producing a full application of the brakes, The compressed 
air brake can be made automatic by some similar arrangement. 


4.3.3. In the early stages the compressed air system was rather 
more complicated than the vacuum system. In addition it had the 
disadvantage that once the brakes were applied the intensity could 
not be reduced without first completely releasing the brakes. This 
was a very undesirable feature especially where there were steep 
down grades of varying gradients. This and the general simplicity 
probably explains why the vacuum system, notwithstanding the big 
heavy cylinders, was adopted and retained in some countries. 


4.3.4. The compressed air system has been much improved in recent 
years and at present it is claimed that they offer the following 
desirable characteristics: 

(a) smaller cylinders; 

(b) application lag for ten vehicles not measurable; application 
time for full intensity about five seconds; 

(ce) it is relatively simple to arrange for the application of the 
brakes on the locomotive and tender to be delayed relatively 
to the application on the rest of the train; 

(d) several applications and releases cannot reduce the brake 
capacity nor long sustained braking, as the leakage is nil; 

(e) release of the brakes in a few seconds; 

(£) the intensity of the braking force can be increased or decreased 
as desired; 

(g) it is relatively simple to arrange so that the intensity of the 
braking force is proportional to the load. 

If these averred characteristics are compared with the characteristics 
of the vacuum system there are certain distinct advantages. Where, 
however, the vacuum system is in use as in South Africa and the 
adjoining countries it will be realized that a changeover is very difficult, 
if not impossible. Even on the electrified suburban stock, which at 
first sight looks like a self-contained entity, there are some diffi- 
culties. 


44. Accepting the automatic vacuum system as standard in Southern 
Africa, we will confine our attention to certain details of this system 
only. 


441. A maximum vacuum of 18 inches has been accepted as standard 
in South Africa; on account of the altitudes reached — 6,000 feet 
and more — the usual standard of 20 inches of mercury cannot be 
adopted, except possibly on self-contained services at the coast. The 
ejectors and exhausters are fitted with a relief valve which prevents 
the vacuum exceeding this value of 18 inches. Tt should be noted that 
when shunting with a few vehicles it is easy to obtain 18 inches; 
when, however, these vehicles are marshalled in a long train it is often 
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difficult (on account of leakages) to obtain even 15 inches; it is, 
therefore, necessary after marshalling the train to “pull the strings”, 
i.e. to destroy the higher vacuum above the pistons to prevent the 
brakes dragging on the first part of the journey. The force with which 
the brake blocks are applied to the wheels, calculated with 18 inches 
of vacuum, the size of the cylinders and the mechanical advantage 
of the lever system (but neglecting friction) is expressed as a per- 
centage of the axle-load of the empty vehicle. (Generally 85% is 
preseribed. In the case of passenger vehicles the load is generally 
neglectable in comparisan with the tare weight; but in the case 
of goods vehicles this is by no means the case. In designing goods 
vehicles an attempt is usually made to get a load capacity at least 
edgual to twice the tare weight and sometimes 2.5 times the tare 
weight is possible; it, therefore, follows that if the brakes are propor- 
tioned to the tare weight they are only one-third or less of the 
reguired capacity when the vehicle is fully loaded. The efforts to 
correct this by changing the brake intensity with the load are 
numerous but present several practical difficulties; one of the simplest 
is to have two vacuum cylinders one of which is shut off by means 
of a cock when the vehicle is empty. If, however, it is omitted to 
shut this cock when the vehicle is unloaded the wheels are locked and 
then skidded. 


4.4.2. 'Theoretically the calculation of the stopping distance is simple 
and given by the formula: 
1 
FxS—— MV? 


where F is the retarding force, s the stopping distance, m the mass 
of the train and v the speed. In practice it is much more complicated, 
as there are several varying factors that have to be taken into 
consideration. The S.A. Railways have carried out several series of 
tests in an endeavour to clarify the position under our local con- 
ditions mainly with two objects in view. 'The one is to obtain the 
necessary information to calculate the approximate distance in which 
a train can be stopped under given conditions and the other to con- 
sider what improvements, if any, can be brought about economically. 


44.3. The retarding force depends on the friction between the rail 
and the wheels and that between the wheels and the brake blocks. 
It is clear that the frictional force between brake block and wheel 
must not exceed that between wheel and rail, as then the wheel 
will tend to stop and slide on the rail with resultant wear on the wheel. 
causing flat spots known as skid marks. 


4.4.3.1. 'The value of the coefficient of friction between wheel and 
rail as a function of the rolling speed is shown in figure 8.3.2.(e). This 
curve is also shown as curve A in figure 44.3.(a). In the same 
figure curve B shows the values given in the “Bulletin of the Inter- 
national Railway Congress” July 1935. While this curve shows a similar 
decrease of the coefficient of friction with speed the actual values 
are appreciably smaller. In view of the large number of recent tests 
curve A will be accepted as reasonably accurate, as far as accuracy 
can be obtained for such an uncertain factor. 


4.4.3.2. Several tests have been carried out to determine the coefficient 
of friction between cast iron blocks and steel tyres. Curves A in figure 
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4.4.3.(b) show the values found in laboratory tests for different specific 
loads and published in “Glasers Annalen” 1st Dec. 1926. It will be 
seen that here too the coefficient of friction diminishes with speed. 
It also diminishes with increase of specific load on the blocks. It is 
further stated that it is independent of the temperature. This statement 
is confirmed by tests on the S.A. Railways made under exactly similar 
conditions except that in one case the blocks and wheels were cold 
and in the other case after prolonged braking so that they were 
very hot. Curve B, in the same figure, shows the values given by 
Galton based on track tests. The “Bulletin of the International Railway 
Congress” July 1935 also gives a curve showing the same characteristic 
decrease of friction with speed but the actual values are appreciable 
less. Z.V.D.I. 1935, p. 1244 gives a curve very similar to the latter 
which is also not shown. 


4.4.3.3. Using a train of only a few vehicles so that the lag between 
application of the brakes on the first and last vehicle would be small 
and noting the speed at short intervals after the brakes were fully 
applied it was possible to calculate the retardation of the train for 
various speeds. Deducting the retardation due to air and rolling 
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resistance as well as that due to curve and gradient resistance, if 
any, it was possible to deduce the value of the frictional resistance 
at different speeds in relation to its value at 30 m.p.h. Assuming the 
value at 30 m.p.h. as unity the value at any other speed can be 
expressed as a ratio of its value at 30 m.p.h. In this way curve A in 
figure 4.4.3.(c) was obtained. For comparison purposes ratios were 
deduced in the same way from the values given by Galton and are 
shown as curve B in figure 4.4.3.(c). Assuming (Galtoms value at 
30 m.p.h. to be correct we can. deduce the value for the other speeds 
from curve A figure 4.4.3.(c). In this way curve .C in figure 4.4.3.(b) 
was obtained for the coefficient of friction between brake block and 
wheel. 


4434. At a later date further tests had to be carried out for other 
purposes and the opportunity was used to measure (while standing) 
the force on each brake block on each vehicle, to be used in the 
tests, for different amounts of vacuum destroyed. By measuring the 
vacuum on each vehicle during the stopping tests it was possible to 
determine the actual application forces on the brake blocks at any 
given time and hence the actual coefficient of friction. 


4.4.3.5. An endeavour was made to increase the accuracy of the 
results obtained in these later tests by actually measuring the air 
and rolling resistance of each type of vehicle used (electrical suburban 
stock). The rolling and air resistance of the trailers was found to be: 

r — 8.6 H .008(V - 12): instead of the usual 

r — 45 4 .0O0138(V - 12)2, given in 2.7.91. Why this should 
be so difficult to say and one can only suggest that it would be very 
interesting and desirable to investigate this factor further by analysing 
some of the many test records available. The specific resistance of 
the motor coaches when pulled without motoring themselves were 
even more enigmatic, but here an explanation could be offered by 
assuming that a certain amount of magnetism remained in the poles 
of the motors causing eddy currents. 


4.4.3.6. Using these values as obtained for the particular vehicles 
utilized for the brake tests it was possible by allowing for all the 
factors to determine the actual values of the coefficient of friction 
between cast iron blocks and steel tyres at different speeds. Curve 
D, figure 4.4.3.(b) shows the values obtained. From these curves we 
can deduce that: 


(a) Galtom's value at 30 m.p.h. is correct for South African conditions; 


(b) the values as obtained by the earlier tests of the S.A. Railways 
and shown by curve C, figure 4.4.3.(b) is very nearly correct, the 
main diserepancies being at the lower speeds, which effects the stopping 
distance as calculated by using the results of the earlier tests to a 
minor extent only. 


4.4.3.7. If we compare the values of the coefficient of friction between 
brake block and wheel with the rolling friction between wheel and 
rail it will be noticed that while they are more or less egual at dead 
slow speeds the difference becomes more marked as the speed increases 
and at speeds in excess of 12 m.p.h. the value of the former is 
about 3/4 of the latter. Notwithstanding this and the fact that the 
friction in the brake gear must reduce the calculated braking force, 
experience has shown that a brake ratio of about 90% is the top 
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limit possible if excessive skidding of wheels is to be avoided. One 
can only suggest that this is due to the fact that any dirt or oil on 
the rail, which momentarily reduces the adhesion of the wheel, changes 
the position from one where the wheel creeps to one where the wheel 
slips; this in turn immediately reduces the coefficient of friction 
thereby causing the brake to lock the wheel. 


4.4.4. Another factor that has a marked effect on the distance in 
which it is possible to stop a train is the time taken before the brake 
is fully applied on each wheel as well as the intensity of the 
application. 


4.4.4.1. It is obvious that the longer the train the longer it will 
take to apply the brake fully on all vehicles. As a first approximation 
it can be accepted that the number of axles in the train is a reasonable 
basis for the investigation of the variation of this factor. By tests 
it was established that the variation of vacuum along the train 
(measured in axles) was the same when standing as when running. 
Figure 4.4.4.(a) shows the distribution of the vacuum relative to 
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the number of axles from the locomotive. The top curve marked 
“0 sec.”, shows the distribution just prior to the full application of 
the brake on the locomotive. Tt will be noticed that due to leaks the 
vacuum is lower in the van than at the locomotive. (Leak proof 
vacuum cylinders and couplings would make this curve a horizontal 
straight line.) The lower curves show the distribution of pressure 
after various periods of time. It will be noticed that naturally the 
vacuum is destroyed more duickly on the short train than on the 
long train; but the general characteristics of the way the pressure 
distribution alters with time remains the same. 


4449 Full application stops were made with various trains. In no 
case was there a parting of the train or severe jerks in the van, 
although some drivers predicted that this would happen. From the 
change of speed as read every 5 seconds on an indicating speedometer 
(the recording speedometer had too great a time lag to be of much 
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use) the retardation in m.p.h. per second was determined. Now the 
force of gravity is 2,000 lbs. per (short) ton and produces an 
acceleration of 32 feet per second per second or 32/1.47 m.p.h. per 
sec. Therefore 1 m.p.h./sec. is produced by 2,000 x 1.47/32 — 91.6 
Ibs./ton. 

N.B. AI through short tons of 2,000 lbs. are used and weights of 
locomotives as given in the diagram book must be reduced accordingly. 
4443. When stopping a train the following retarding forces are 
acting on it:— 

(a) £, — force in Ibs./ton applied by braking; 


(b)r — force in Ibs./ton due to rolling and air resistance (see 
21191.) 

(o) f$, — curve resistance in lbs./ton (see 31.4.); 

(d) £ — force in lIbs./ton due to locomotive resistance as a 


machine over and above that reguired by the locomotive 

as a vehicle, which latter is included in r above. This 

is obtained by taking (c — 4.5) x G, (see 2.6.3.8.) and 

dividing by the total weight of locomotive and train; 

(6) £ — force in lbs./ton due to gradient, being positive if 

uphill and negative if downhill. If gradient is 1 : n 

then f, — 2,000/n. 
We therefore have the following edguation for f, the retarding force in 
lbs./ton :— 

Ete vr pie RER TIK PER 

hence £, —f—r—f—f—or Fi 
This is the actual retardation of the brakes on the whole train as 
measured. While different vehicles have different brake ratios, it 
can be assumed as a general average that vehicles are braked to the 
maximum amount allowable when the vehicle is empty and we can 
therefore argue that the actual braking effect is reduced in the 
ratio tare weight to gross weight. In the case of the locomotive and 
tender the total weight (2/8 supplies) must be regarded as “gross 
weight” and the load (no supplies) on the wheels braked (by 
vacuum) must be regarded as “tare weight”. In the case of the 
older locomotives having (vacuum) brakes on the tender only, the 
empty weight of the tender is the tare weight; where the driving 
wheels are braked by vacuum to a brake ratio of about 45%, as on 
some of the newer types, about half the weight on these wheels must 
also be reckoned as tare weight. On electric locomotives the compressed 
air brake works on the driving wheels with a brake ratio of about 
85 to 90% and if they are applied the full weight on these wheels 
must be reckoned as tare weight; however, the air brakes are generally 
not coupled to be applied proportionally to the vacuum (although this 
is possible); the reason for this is the fact, that if they are so coupled 
the brakes on the front part of the train, in case of a parting, are 
generally stronger than on the hind part and the latter will run 
into the former. 'The whole of the weight of the electric units must 
therefore not be included in the tare weight. 


Therefore f(tare) — f, x (total gross weight) /(tare weight). 


4444. As the variation of the coefficient of friction between brake 
block and wheel will also influence the effect of the brake, the actual 
retardation value compared with what it would be at 30 m.p.h., if 
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the brake blocks were applied with the same intensity, is given by 
curve A, figure 4.4.3.(c). Hence to get the actual intensity of brake 
application we must divide f(tare) by the value given by the curve 
A, figure 4.4.3.(c) for that particular speed and so obtain the relative 
brake application intensity reduced to 30 m.p.h., £(30). 


4.4.4.5. We can further assume that the intensity of brake application 
is proportional to the vacuum registered on the locomotive prior to 
the application of the brakes. A standard value of 15 inches was 
taken as a fair average and a corresponding correction made to £(30). 


4.4.4.6. ITf we now take a concrete case where the average retardation 
over a period of (say) 10 seconds was 1 m.p.h. per sec., corresponding 
to a retarding force of 91.6 lIbs./ton; 

gross weight/tare weight — 92.5; 

average speed — 10 m.p.h.; friction speed factor — 1.8; 

r — 49 Ibs./ton; 

gradient — 1 in 100 down; f., — — 20 Ibs./ton; 

curve — 10 chain; £, — 61 Ibs./ton; 

locomotive resistance, f. — 1.6 lbs./ton; 

vacuum on locomotive — 18 inches; 

f, — 916 HA —A4Y9 —S1 —18 

— 99.0 


15 
X 25 X — 


do 
— 159 Ibs./ton. 


In this way the corrected or reduced intensity of brake application, 
expressed as Ibs. per ton retarding force, can be determined for periods 
of (say) every 10 seconds for each stop and so a curve obtained for 
the variation of this factor with time. If these values are plotted: 
against time we obtain a straight line showing a constant increasing 
intensity until a certain value is reached and then the intensity 
remains constant. 'This nick in the curve indicates the number of 
seconds reduired to get the brakes fully applied on the whole train 
and the constant value shows the maximum effect of the fully 
applied brakes, all reduced to a common basis of 30 m.p.h., 15 inches 
of vacuum and all wheels braked to full capacity. Several series of 
such tests for different lengths of train, for both goods and passenger 
trains and under various local conditions were carried out and analysed 
in the same way. 


f (corrected) — 


445. From the results obtained in this way duite a few conclusions 
could be drawn. Taking only those of general application and interest 
it was found that:— 


(a) for the same number of axles passenger trains reguire about 
35% longer before full application is reached; 

(b) the time reguired for a full application agrees fairly well with 
the time reguired to reduce the pressure in the van to zero; 

(c) the maximum intensity varied appreciably but this variation 
did not seem to be directly related to the number of axles 
and must therefore be accepted as due to the general con- 
dition of the brakes on each train, the uncertainty of such 
a factor as the coefficient of friction and other factors. 'The 
average for passenger trains was about 124 lbs./ton and 
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that for goods trains about 160 lIbs./ton all reduced to 30 
m.p.h., 15 inches of vacuum and tare weight; 


(d) a long train of “empties”, where the gross weight to tare 
weight ratio is low, is relatively under better control, notwith- 
standing the fact that it takes a longer time to get the 
brakes fully applied, than a relatively short “block” load of 
the same total weight, where the ratio: total weight to tare 
weight is high; 

(e) where, as in the case of block loads, the brake intensity is 
low care must be exercised, when negotiating steep down 
grades, that the speed does not exceed a safe limit bearing 
in mind that in addition to the gross/tare ratio being high 
the friction diminishes with speed. 


4.4.6. With the data obtained and given above it is now possible to 
calculate the time and distance reguired to stop a train under given 
conditions. It must, however, be stressed that the results of such 
calculations must in no way be regarded as a mathematical certainty; 
as mentioned above some of the figures varied considerably; in addition 
they really only apply to the type of rolling stock existing at the 
time and used for the tests. Should a particular case be in dispute 
the above can only be regarded as an indication of what might be 
expected but where reliable results are reguired it would certainly 
be desirable to carry out further tests simulating the case in point 
as far as possible. To show how the above can be used for calculating 
the stopping time and distance and at the same time illustrating the 
influence of the varying factors three hypothetical cases are worked 
out. 


4461. Example IT: A class 15CA locomotive, vacuum 18 inches with 
11 coaches, weighing 420 tons for 44 axles, travelling down a 1 in 
500 straight at 55 m.p.h. makes an emergency stop by a full brake 
application. 


load di A Da ar A20ltons tare es 490 tons 
loco. (2/3 supplies) 180 tons tare Mardser DA 31 (Ons 
Total gross ... ... 600 tons total. tere! ..s TA .MidEd tops 


locomotive resistance (see 2.6.3.8.) — 78 x (28.7 — 4.5) 
— 1,880 Ibs. 
f,. — 1,880/600 — 8.13 Ibs./ton. 


From figure 4.4.4.(b) a passenger train of 44 axles reguires 16.5 sees. 
for a full application and the maximum intensity is 124 Ibs./ton. Hence 
the intensity-time curve can be drawn; see figure 44.4.(0), Ex. 1. 


f, — — 2000/500 — — 4 Ibs./ton 
gross weight/tare weight — 600/451 
—' 1.83 


As the calculation proceeds the speed-time curve is drawn, see figure 
4.4.4.(c), Ex. 1. It will be helpful if a curve is drawn showing the 
rolling and air resistance relative to speed; this is done for both 
passenger and goods trains from the values calculated and shown 
in table 2.7.10; these curves are shown in figure 4.4.4.(c), right. The 
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air resistance of the locomotive is included in Tr and, if anything, 
the actual value is rather lower than calculated in this way but as the 
whole calculation is at the best an approximation this small error 
seems of little conseguence. 


0—I0 sees.: average speed — 54 m.p.h. (estimated) 
r — 9.6 Ibs./ton 
speed factor (curve A, figure 44.3.(c)) — 0.9 
average intensity, as read off from the intensity curve, Ex. I figure 
4.4.4.(c) at the time 5 sees. :— 
f (corrected) — 386 Ibs./ton 


18 0.91 
X 


15 1.38 

and f — 29.6 4 96 4 315 — 4 — 388.35 Ibs./ton 
retardation — 388.35/91.6 — (0.438 m.p.h./sec. 
speed reduction — 4.3 m.p.h.; final speed — 50.7 m.p.h. 
average speed — 529 mph. — 72.5 ft./sec. 

Distance travelled — 725 feet. 
10—0 secs.: average speed — 47 m.p.h. (estimated) 

rs as Ips ton 
speed factor — (0.93 
f(corrected) — 105 Ibs./ton 


18 0.93 
hence f, — 105 X —— X — 88.2 Ibs./ton 


15 153 

and f — 882 H 85 H 3415 — 4 — 95.9 Ibs./ton 
retardation — 95.9/91.6 — 1.06 m.p.h./sec. 
speed reduction — 10.6 m.p.h.; final speed — 401 m.p.h. 
average speed — 45.4 m.p.h.; — 66.7 ft./sec. 
distance travelled — 667 feet; total — 1,892 feet. 
9(—80 secs.: average speed — 34 m.p.h. (estimated) 

z —6IT lbs. /ton; 

speed factor — (0.98 


hence f, — 86 * — 29.6 Ibs./ton 
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f(corrected) — 124 Ibs./ton 


18 0.98 
hence f, — 124 x X — 109.7 Ibs./ton 


15 1.33 
and f — 109.7 4 6.7 H 815 — 4 — 115.6 Ibs./ton 


retardation — 115.6/91.6 — 1.26 m.p.h./sec. 

speed reduction — 12.6 m.p.h.; final speed — 27.5 m.p.h. 

average speed — 338.8 mp.h. — 49.7 ft./sec. 

distance travelled — 497 feet; total distance — 1,889 feet 

After 30 secs.: Without further calculation it is possible, by con- 
tinuing the speed-time curve, to estimate that the train will come 
to rest at 48 seconds. During this time it will travel another 390 feet 
making the total stopping distance 2,279 feet. 


4462. Example II: A class 15CA locomotive with a long train of 
empties (say) 1,100 tons for 160 axles going down a 1 in 80 at 


50 m.p.h. Vacuum on the locomotive — 15 inches. 

Load Aha AA EN dLOORtons tare se as  dAOORGONS 

locomotive (2/38 supplies) 180 tons tare seer 31 tons 
Total gross oa ab AD) Ao tare HR BIEG io DE 


Gross weight/tare weight — 1,280/1131 — 1.138 
locomotive resistance — 1,880 lbs 
f. — 1,880/1,280 — 1.47 Ibs./ton 
From figure 4.4.4(b) a goods train of 160 axles reduires 42 seconds 
for a full application and the maximum intensity is 160 lbs./ton. From 
these figures the intensity curve, Ex. IT, in figure 4.4.4.(c) is drawn. 
f — — 2000/80 — — 25 Ibs./ton 
0—I0 seconds: average speed — 49 m.p.h. (estimated) 
r — 12.9 Ibs./ton; speed factor — (0.92 
f(corrected) — 19.0 Ibs./ton 
hence f, — 19.0 x 0.93/113 — 15.6 Ibs./ton 
and f — 15.6 4 12.9 4 147 — 925 — 5 Ibs./ton 
retardation — 5/91.6 — .055 m.p.h./sec. 
speed reduction — (0.55 m.p.h.; final speed — 49.4 m.p.h. 
average speed — 49.7 mp.h. — 78 ft./sec. 
distance travelled — 730 feet. 
10—20 seconds: average speed — 48 m.p.h. (estimated) 
r — 12.5 Ibs./ton; speed factor — (0.93 
f(corrected) — 57.5 lbs./ton 
f, — 575 x 0.93/118 — 47.2 Ibs./ton 
f — 47.2 H 125 H 147 — 5 — 862 Ibs./ton 
retardation — 86.2/91.6 — (0.395 m.p.h./sec. 
speed reduction — 8.95 m.p.h.; final speed — 45.4 m.p.h. 
average speed — 47.4 m.p.h. — 69.5 ft./sec. 
distance travelled — 695 feet; total distance — 1,425 feet. 
20—30 seconds: average speed — 42 m.p.h. (estimated) 
r — 10.9 Ibs./ton; speed factor — (0.95 
f(corrected) — 95 Ibs./ton 
f, — 95 x 0.95/118 — 79.8 Ibs./ton 
f — 79.8 H 10.9 H 147.— Ma GTA Ibs/ton 
retardation — 67.2/91.6 — (0.785 m.p.h./sec. 
speed reduction — 7.385 m.p.h.; final speed — 88.0 m.p.h. 
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average speed — 41.7 mp.h. — 61.5 ft./sec. 
distance travelled — 615 feet; totaal distance — 9.040 feet. 


80—40 seconds: average speed — 33 m.p.h. (estimated). 

r — 8.8 Ibs./ton; speed factor — 0. 99 

f (corrected) — — 134 1bs./ton 

f, — 134 x 0.98/118 — 116 Ibs./ton 

£ — 116 88 H147 — 9 — 101.83 Ibs./ton 
retardation — 101.8/91.6 — 1.105 m.p.h./sec. 
speed reduction — 11.05 m.p.h.; final speed — 26.9 m.p.h. 
average speed — 32.5 mp.h. — 47.7 ft./sec. 
distance travelled — 477 feet; total distance — 2,517 feet. 
After 40 seconds: By completing the speed-time curve it is seen that 
the train will come to rest in about 57 seconds. It will travel another 
361 feet, making the total distance travelled before stopping edgual to 
2,878 feet. 


44.6.3. Example IT: A class 15CA locomotive with a “block” load 
of 1,100 tons for 60 axles, tare weight 370 tons, travelling down 
a 1 in 40 at 45 m.p.h.; vacuum on the locomotive is 16 inches. 


Load HE (OO LoNs tare Oe STOL tons 
locomotive (2/8. supplies) 180 tons tare TEE 31 tons 
Total gross ao od 280 ons). total tare i.s es H401 Loos 


gross weight/tare weight — 1280/401 — 3.2 
locomotive resistance — 1,880/1,280 — 1.47 Ibs./ton 
From figure 4.4.4.(b) a goods train of 60 axles reguires 16 seconds 
for a full application and the maximum intensity is 160 lbs./ton. 
From these figures the intensity curve, Ex. TT, in figure 4.4.4.(c) is 
drawn. 
f — — 2000/40 — — 50 Ibs./ton 
0—I0 seconds: Average speed — 45 m.p.h. (estimated) 
r — 11.6 Ibs./ton; speed factor — (0.93 
f (corrected) — 50 Ibs./ton 
f — 50 * (16/15) x (0.98/38.2) — 15.6 Ibs./ton 
f — 155 116 H147 — BO — — H1.4 Ibs./ton 
acceleration — 21.4/91.6 — (0.234 m.p.h./sec. 
speed increase — 2.34 m.p.h.; final speed — 47.3 m.p.h. 
average speed — 46.2 m.p.h. — 68 ft./sec. 
distance travelled — 680 feet, 


10—0 seconds: average speed — 48 m.p.h. (estimated) 

r — 12.4 Ibs./ton; speed factor — (0.92 

gery eb — 139 Ibs./ton 

— 189 x (16/15) x (0.92/3.2 — 48.0 Ibs./ton 

as — 48 4124 H 147 — BR — 6.9 Ibs./ton 
retardation — 6.9/91.6 — 0.072 m.p.h./sec. 
speed reduction — (0.72 m.p.h.; final speed — 46.6 m.p.h. 
average speed — 47.0 m.p.h. — 69.0 ft./sec. 
distance travelled — 690 feet; total distance — 1,370 feet. 


90—80 seconds: average speed — 46 m.p.h. (estimated) 
Tr! —M20 lbs./ton; speed factor — (0.93 
f(corrected) — 160 Ibs./ton 
f, — 160 x (16/15) x (0.98/8.2) — 49.6 Ibs./ton 
F— — 496 120 147 — BA — 181 Ibs./ton 
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retardation — 1381/916 — (0.143 m.p.h./sec. 
speed reduction — 1.43 m.p.h.; final speed — 45.2 m.p.h. 
average speed — 45.9 m.p.h. — 67.5 ft./sec. 
distance travelled — 675 feet; total distance — 2,045 feet. 


80—50 seconds: average speed — 43 m.p.h. (estimated) 

r — 11.2 Ibs./ton: speed factor — (0.95 

f (corrected) — 160 Ibs./ton 

f, — 160 x (16/15) x (0.95/8.2) — 50.6 Ibs./ton 

f — 506 112 H 147 — BO — 18.8 Ibs./ton 
retardation — 18.3/91.6 — (0.145 m.p.h./sec. 
speed reduction — 2.9 m.p.h.; final speed — 42.3 m.p.h. 
average speed — 43.8 mp.h. — 64.3 ft./sec. 
distance travelled — 1,286 feet; total distance — 3,331 feet. 
After 50 seconds: By completing the speed-time curve up to 110 
seconds it is seen that the speed will then still be about 24 m.p.h.; 
the average speed during this period is about 35 m.p.h. or 51.5 ft./sec. 
and the distance travelled — 515 x 60 — 8,080 feet, total distance 
— 6,411 feet. By extending the speed-time curve still further it is 
estimated that the train will come to rest in about 155 seconds. 
During this further period the average speed is 12 m.p.h. or 17.6 
ft./sec.; therefore the distance travelled is 17.6 x 45 — 792 feet; so that 
when the train ultimately comes to a standstill it has travelled 7,203 
feet since the brakes were applied or about one and one-third mile. 
This last example is perhaps somewhat unusual as one would expect 
that an experienced driver would realize that travelling at 45 m.p.h. 
down a 1 in 40 with a train like this is somewhat hazardous; however, 
before these tests were carried out the full implication of all these 
factors was not always realized and an actual case similar to this 
one was actually experienced during the tests, and it certainly was 
not a very pleasant experience! 


4.4.7. Much attention has been given to the guestion of obtaining 
a full application more duickly. On electrically propelled suburban 
coaches it can be arranged to have electro-magnetic application valves 
on the coaches so that the brake application can be made on each coach 
simultaneously and the brakes will be fully applied after five seconds. 
On ordinary stock the vehicles can be fitted with '“guick application 
valves” which are operated whenever the reduction of vacuum in the 
train pipe exceeds a certain amount; outside air is let in until the 
balance is restored. This can appreciably reduce the time which 
elapses between the application on the locomotive and the full applica- 
tion throughout the train. It will be appreciated, however, that the 
reduction in application time will be specially noticeable on trains like 
those in example II above, but that in the case of trains like those 
in example II the effect will be relatively small. While in no way 
wanting to belittle what can be achieved by these devices, their effect 
is not so striking as expected at first sight; much depends on exactly 
what is to be gained by fitting them and how this advantage compares 
with the cost. Each particular case must be carefully examined on 
its merits. Eaually desirable, if not more so bearing in mind example 
TT above, is a device to increase the brake intensity with increased load; 
but, as stated before, a fool-proof solution to this problem is difficult 
to find; if these devices depend on the human element they will be 
unreliable; if they are automatic their maintenance must not reguire 
attention very freguently. 
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5.0. FLATS OR SKID MARES ON RAILWAY WHEELS 


5.1. If a wheel rolls on a track and has a flat on the eircumference 
the wheel centre, O, moves forward in a straight line parallel to the 
track at a distance r (egual to half the wheel diameter) above the 
track until the skid contacts the rail. In figure 5(a) the line AB 
represents the skid of lenght a and O the centre, OA indicates the 


FIG 5a) FIG. 5 (b) 


FIGURE 5 (A) 


vertjcal radius at the moment the skid mark reaches the rail. 'The 


point A now becomes the instantaneous centre, the wheel centre 
following the path O00,. 


EA Let a length of flat on the wheel 
radius of wheel 
angle subtended by a at the centre 
constant forward velocity 
time from the moment A touches the rail 
distance of B above the rail 
distance of O below its normal position 
mass of wheel and parts rigidly attached to it. 
impulse when B touches the rail. 
constant angular velocity. 
5,3. Assume # so small that cos @ can be taken egual to unity and 
sin # egual to @ and the alteration to the position of the centre of 
gravity, due to the missing part, neglectable. Figure 5(b) indicates 
the position t seconds after point A reached the rail. 
We have) 
al— 2 rs —2I ra EES pe EA di) 
Vr W SEER dr LA] os SE ME) 
Y —r—rceos (2 — wt) —S 
—r(id—es (29 —Ww)) —S 


INEEN EEN, 


N HERE he 


wt 
— 9rsin (0 — ——) —S 


2 
wt 
grid 2 —s 
a t 
MITE — VY: — S$ from (1) and (2) 
Dr Dr 
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1 
— (a—vLt—S soe “ee “o (3) 


Dr 
5.4. Kinematically A is the instantaneous centre and the downward 


acceleration of O (ie. acceleration towards the centre of a point 
travelling in a circle) is v ?/r; 
5.4.1. Case A: When this is less than g, (for wheel without a spring 
load) A will continue to touch the rail; 
Oase B: When this is bigger than g, A will lift off the rail. 
Oase A: v 2/r less than g, i.e. v less than V rg. 
A remains on the rail and the downward speed of O just at 


the moment AB touches the rail is (see figure 5(o)) — 
r w sin @ 


av 
Ee from (1) and (2). 
DE 


Immediately after this it is clear that the wheel will rotate 
round B as instantaneous centre and O will start moving upwards with 


the same veloeity so that the total change in velocity is 


Dr 
av 
i) 
and the impulse 
Es M aerie eetl go DER sa (AD 


The maximum eke is reached when 


VERE 


and I max. — Ma Veg/r NE N Ak se DE ed 
5.4.2. Case B: v greater than rg. 


A leaves the rail and it can be shown that the wheel will not 
touch the rail again before B touches the rail. The first problem 
is to determine the time, t,, when this happens. 
5.4.2.1. In the time t the centre O falls a distance # gt? 

ie. $ —# gt jsolsY.. tes instaan See fier 5(b) 
hence from (3) we have 


1 
Y — —(A —VWW—Y gta 
2r 
and when t — t, and Y — O we have 


@ — 


(da — VI —R gt 
2r 
or O—a—Ravt Yt —rgt? 
—t, (V— gr) —Oavt, aa 
.bk—2av E J4av — day? H daa gr 
n (V2 — gr) 
2av 4 9a Ver. 


vd 2 (V2 — gr) 
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V2 — gr 
a 
vi Ver” 

In this expression the minus sign gives no physical reality as 
ti — om when v— VEr, which is impossible; we must, therefore, take 
the plus sign and we have 

a 
ti EE EE EE ee se ee es (8) 
vr Jer. 


5.4.2.2. It is clear, however, from figure 5(b) that the moment B 
touches the rail O begins to move upwards with a veloeity 
rw sin (20 — wt,) 
— rw (20 — wt) 


a v a 
—ld — ) from (1), (2) and (6) 
Ë TY ir VER 
v va, 
Es (a F de —— 
r vt Jer 


v va Va Mer — va 
— —— (RE ME EES) 


r vr Ver. 
als va 
EV RIT (BERE EE) 
vd YBr” 
5.4.2.3. The total change in velocity of O is therefore, 
va ga 
va/r ( se 


) Perd see 
vr EET vr Ver 
di g va a Ver 


j oeraeer moo Me eo reed 
r vd Ver vd Ver 
—aVerlr 
and 1 — Ma Ve/r ER. as 


5.5.1. If we take the weight of wheel, axlebox and spring as, say, 
1,700 lbs. and the wheel as 34 inches in diameter (average conditions 
for a truck), the limiting speed for case A is 


vmaa EV Tg 
Ad TE 22 


— 6MBiftysee. 
— 458 m.p.h. 


517 


559 If we take a similar wheel with a spring load of, say 12,000 

Ibs. we can get an acceleration of 
13,700 g 
Ads smeek approrimatels) 
1,700 

and g above must be replaced by 8 g and 


V max. — V8 x 458 
— 18 m.p.h. (approx.) 


5.5.3. In the case of the electric units the wheelset with axleboxes 
and springs weighs 5,496 lbs.; the load of the motor on the axle is 
4 900 Ibs. M is therefore 4 (5,496 4 4,900) i.e. 5,198 Ibs. and the spring 
load is 13,849. The multiple of g to be applied is therefore 
19,040 g 
—— EAST E. 
5,198 


The diameter is 4 feet. Therefore 


V max. — VSa867rg 
se RATE AR 


s1) 3 TE ses 
— 10.4 m.p.h. 


5.6. In case A, eguation (4), the impulse is 
proportional to the mass, 
proportional to the length of the skid, 
proportional to the speed, 
inversely proportional to the diameter of the wheel. 


In case B, eguation (7) the impulse is 
proportional to the mass, 
proportional to the length of the skid, 
proportional to the: sguare root of g or of the corres- 
ponding multiple of g in the case of a spring loaded wheel, 
and inversely proportional to the sguare root of the 
radius of the wheel. 


It is, moreover, eduivalent to the maximum of case A and 
independent of the speed, i.e. it remains constant, 


It has been assumed that the track is stationary; probably 

there is a tendency to rise when unloaded; although at the higher speeds 
this will be small due to the inertia of the track; it may not be 
altogether neglectable and may slightly increase the impact. 
5.7. Tn the case where a piece of an electric motor coach wheel 
broke away at about 55 m.p.h. it was observed that there was no 
visible mark on the rail at the higher speeds but sharp nicks were 
observed just before the vehicle came to rest. Here a was not small 
compared with r being about egual to r; in addition it was almost 
a complete sector so that the centre of gravity of the remaining part 
was shifted to the opposite side of the centre; the centrifugal force 
would therefore tend to prevent the wheel dropping on to the rail 
at high speeds; it is in accordance with the above that the blow did 
not become excessive at high speeds; at the slower speeds the severity 
of the blow must be explained by the fact that a was not small com- 
pared with r and the free fall was excessive. 
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9.8.1. To get a concrete estimate of the severity of the impact let us 
compare the case of a wheelset falling freely from a height h on 
to the track and assuming that due to the slight give in the track there 


is no rebound. 
The impact will be 
1, — MV h 
M Jg 2ldweag 
Imax — Ma J/g/r or Ma J/ng/r 


a 1. ee Tee 
— GP ALPE 
Jr Jh Vr J/2 h 
a 1. od Pd 
— j or 
V2hr V 2hr 


1f, therefore, Imax should not exceed 1, 


a a yn 
or 
V hr V2hr 


must not exceed unity 


2hr 


ie. a egual to or less than j/?2hr or 7 


n 
or hi a2 n/a T; 


5.8.2. From observation of actual drop tests, or otherwise, it might 
be possible to conclude what is the biggest permissible impact and from 
this to calculate the biggest permissible value of a. 

If we assume that the impact of a set of (unloaded) wheels 
falling freely one inch is permissible we get for the case of the truck. 


Deed ie dT 
a less than Ar SAAT N 
By DI yd 


v 34/8 
i.e. a less than — ft or 2.06 inches. 
di 
The actual length permitted is 24 inches for trucks and 14 
inches for coaches; the latter is smaller as the noise otherwise 
disturbs the passengers. 
In the case of the electric unit wheel 


Ve TiED 
a must be less than EE EER EE TA 
12 X8:67 


ie. a less than 3.62 inches. 


However, dropping the wheel set with the motor by one inch 
seems rather severe. If we allow a skid of 24 inches we get from 
paragraph 5.8.1. that the eguivalent height 


b— a* DI 
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9:95 Rl PP5 RE 6T 
AE Mi Ted Melse df ig 
1ud 12 ND ed? 
2125 & 22 wASG 
RA EA ipehes 
Ros HER R 


— (0.387 inch, (say 3/8), 
which seems duite permissible. 


(1) Acknowledgement is due to Dr. T. E. W. Schumann for assistance with 
the mathematical solution of the problem. 


6.0. RAILWAY DRAW-GEAR 
6d. INTRODUCTION. 


611. 'The problem of draw-gear is as old as the railways. The original 
form was a hook on each headstock and a link or chain to connect 
the hooks, or alternatively hooks on all headstocks facing one way 
and some form of links or chains on all headstocks facing the other 
way. The former arrangement had the advantage that vehicles could 
be turned round and still be coupled up. While this was satisfactory 
up to a point for pulling it soon became necessary to make provision 
for buffing or setting back and also to avoid a large amount of slack 
between vehicles. Tt can be accepted that the adoption of the two 
side buffers to take the buff (as the name implies) and central 
hooks and a link to take the pull was the answer to this problem. The 
provision of an adjusting serew in the link was a further development 
thus giving us the arrangement now standard in Europe. 

6.1.2. On minor railways with sharp curves the side buffers created 
new problems and it became usual to combine the pull and buff 
elements in a central buffer with some form of link and pin or hook; 
this became more or less standard in colonial railways and hence 
also in America and South Africa. This was altered to the automatic 
coupler as a result of the work of Jenny and others in America and 
most railways with central buffers have changed or are changing over 
to this type of coupler. 


6.1.3. At a very early stage it was recognized that if the draw-gear 
was attached solidly to the vehicles the bumps and jerks imposed 
very severe stresses on the headstocks and some sort of resilient 
element had to be introduced. 'The natural thing was to introduce 
springs (generally of the helical type) in both buffers and draw-gear. 
It was soon found that volute springs seemed to have advantages 
(they have a certain amount of internal friction); they were therefore 
often used for buffer springs. Rubber springs occasionally replaced 
the helical springs on the central draw-gear and seemed to give better 
results. In the case of the central buffer serving both as pull and 
buff element the spring is so arranged that it is compressed whether 
there is a pull or a buff. Before discussing details it is desirable that 
we get clarity on fundamentals. 


6.2. KINAMATICOS. 


We have: velocity — distance/time 
or v — s/tor ds/dt 
acceleration — veloecity/time 
ora — v/t or dv/dt or dis/dt? 
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Starting from rest: 


the end veloeity acceleration x time 


or Vv — a Xt 
average veloecity — (Oat 
— at/2. 
distance covered — average velocity x time 

or s — EER peri 
— at2/2 

hence as — a2t2/2 
— vê/2 


6.3. DYNAMICS. 


6.3.1. Action and reaction are egual and opposite. 

If we pick up a pound weight it pulls down with a force egual 
to a pound weight and we must pull upwards with the same force. 

The other law can be stated as: Change of motion is proportional 
to the impressed force and takes place in the direction of the force. 

Motion depends on the mass and the velocity and is usually 
called MOMENTUM. Impressed force depends on the force and the 
time it acts, and is called IMPULSE if the force is of the nature 
of a blow or impact. We can therefore indicate this law by the following 
eguation, if we use the right units: 


Mm XV — EESRAE 
or mx vt —F 
or ie ERWE EE IE, 


The unit of force is, therefore, that force which produces unit 
acceleration on unit mass. The attraction of the earth on a pound mass 
is egual to a pound weight and causes an acceleration of “g'”, This 
is egual to about 32.2 feet per second per second or 981 cm./sec.” at 
Greenwich; here it is slightly less. The unit of force which will 
cause unit acceleration on unit mass is the weight of unit mass 
divided by 'g” and is called a POUNDAL in British units and a 
DYNE in c.g.s. units. 


6.3.2. When a force, F, acts through a distance, s, in the direction 
of the force it does Fs units of work. The engineer's unit of work 
is generally the foot-pound; the absolute unit is the foot-poundal. 

We had above alls VERVALS 


therefore m as —' m va/2 
ie. Elia Il mo /A 
work — kinetic energy. 


As the kinetic energy is in absolute units the force must also be in 
absolute units, ie. if F is given in pounds-weight we must write the 
edguation Ros — m vas. 
6.3.3. Motion confers on a body a certain power of overcoming 
opposing forces and producing changes in other bodies. For a long 
time a controversy raged between the followers of Des Cartes and 
those of lLeibnitz as to whether this power of the moving body was 
proportional to the velocity or the sauare of the velocity. The dispute 
is seen to be meaningless if we compare the Newtonian formula: 
mv—FEt or /F dt with the energy formula first employed by 
Huyghens: 

m vy? — EF S8 
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Given a mass m moving with a velocity v the first formula tells 
us HOW LONG (t — m v/F) and the second formula HOW FAR 
(s — m v2/2 F) it will continue to move against a given force, F, 
before it can be brought to rest. 
6.34. Let us take a few examples:— 
a 10,000 ton ship moving 1 inch per second; 
a one-ounce bullet moving 1,600 feet per second; 
a one-ton motor car moving 60 m.p.h. 

(a) momentum — m V 
for the ship: 2,240 x 10,000 x 1/12 — 1,866,666.7 Brit. units 
for the bullet 1/16 x 1,600 — 100 Brit. units 

92240 x 60 x 1,760 * 3 


for the motor ————— ——— — 197,120 Brit. units 
60 x 60 
(b) energy — m v2/2 
10,000 x 2,240 1 
for the ship ———— X (—P — T,TTT.8 ft.-poundals 
2 72 


for the bullet 1/16 x (1,600/2): — 80,000 ft.-poundals 

2,240 60 x 1,760 x 38 
X (————E — 8,678,280 #t.-poundals 
2 60 Xx 60 


6.4. 'To come nearer to our subject let us now consider impact and 
impulsive forces. In such cases momentory contact forces are called 
into play rising from zero to a high value and dying away to zero 
according to unknown laws so that a great and apparently instant- 
taneous change of velocity takes place. Such forces are called impulsive 
and these cases of impact or collision reduire a somewhat different 
treatment. While we cannot apply the usual acceleration laws we have 
at least the one advantage that we know where the body is since 
it has no time to change its place appreciably; also we can neglect 
the effect of the ordinary finite forces acting on it during this short 
period of time. 


6.4.1. Consider two balls, m, and m,, moving with the velocities 
u, and u, respectively before impact; let v, and v, be their respective 
velocities just after impact. However irregularly the pressure between 
the two balls may vary during the impact, at every instant the action 
of the first ball on the second will be met by an egual and opposite 
reaction of the second on the first; and therefore the total impulse 
for the whole time of contact will be the same for the action as for 
the reaction, but in the opposite direction, or mathematically: 
IFdt——|—Fdt 
As change of momentum is egual to the impulse, the momentum of 
m, will be deereased by the same amount as that of m, is increased 
and the sum of the momenta is the same after impact as before the 
impact. Thus mu T Mu — mv, H MV; 
6.4.2. But to determine the two unknowns, v, and v,, we reguire a 
further eguation. For this we recur to experiment. We suspend two 
balls by long strings so that the distance from the point of suspension 
to the centre of the ball is egual in both cases and in exactly the 
same horizontal plane and the balls just touch. If we suspend the 


for the car 
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balls with double strings arranged in V shape with the planes of the V's 
perpendicular to the vertical plane through the centres of the balls 
the experiment is much easier to carry out. Draw the balls apart 
through different arcs in the same plane and release them simultane- 
ously by gently opening the fingers. 'They will meet at the lowest 
point and their velocities will be proportional to the distance they 
have been pulled away from their point of rest. By placing a scale 
behind the balls these distances can be read easily. Similarly the 
speed of the balls after impact can be ascertained by observing the 
distances to which they move away from the points of rest. 
6.4.3. If the balls are made of putty or for some other reason stick 
together they will move together after impact as one mass. 
In this case v, — Vv, and we have 

Vi EV —(MU, TH MUus/M, FT Ma) 
Balls of ivory, steel, glass, etc. instantly recover their form and thrust 
each other apart. Newton found in this case 

V —V EE —EeE (MT U) 

that is, the relative velocity after impact is a fixed fraction of the 
relative velocity before impact and is reversed in direction. 'e” is 
called the coefficient of restitution. Its value is given as follows: 


glass, e — (0.94 
ivory, e — 0.81 
cast iron, e — (0.66 
lead, e — 0.2 
We have MV H mv — mu, FT Mu TEEL) 
V — V s—e(U—R Ee (2) 
whence MV — MV, — — em,(U, — Us) 
and mv, — MV — — em,(U, — Ug) 
m.u, mu, — em, Us) 
therefore `V, — — EER EET os bake) 
my 4 m; 
Thu; mu, Hit em! (u, —U) 
and Vi EE EE EE EE pet 
m IE” my) 
when e — o we have (as before) 
Mu; T Mu, 
Vi EV EE EE sb ieA. reé5) 
73 Fr Ms 


6.44. If R is the impulse up to the moment when the two balls are 
relatively at rest (ie. the compression is greatest) and R' the impulse 
thereafter we can show from the above (see Appendix 1) that R — eR'. 
The fraction e thus measures the ratio of the impulse of the elastic 
forces by which the balls recover their form to the impulse of the 
forces used in compressing them. 


6.5 LOSS OF ENERGY DURING AN IMPACT 


6.5.1. 'The energy before impact is 


— — (MM? F mus?) 
2 
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and the energy after impact is 
E — — (Mu? F m,u,?) 


2 
and using the relation we have established before we can show (see 
Appendix II) that if the balls are perfectly elastic, ie. if e — 1, that 
E — E. Thus the total energy of the two balls is the same after 
impact as before. In practice e is always less than 1 and then 
@l Dk e*) MM, (u, Ty Ui)? 
“ — Bu LE AA Ad 
2 (m, *. ma) 

The second term on the right is always positive so that E' is always 
less than E. 'The energy of motion after impact is thus less than it 
was before impact. Part of the energy has been transformed into energy 
of heat and sound or permanent deformation of the material. 


6.5.2. Whether this part must be considered lost or not depends on 
the circumstances. If we desire to drive a nail or a pile, the energy 
so transformed is wasted; but for shaping a rivet the permanent 
deformation is the useful part. Similarly if we can transform it other- 
wise than in breaking the truck and the loads such transformation 
is useful in shunting. If the object struck is at rest and inelastie, 
u —Oand e — 0 
and the second term for E' becomes m,m,u,?/2(m, *F m,) 
The energy of the hammer was m,u,2/2 

energy transformed Mm; 
thUS ——— EE EE 

total energy Mm. FT. my 

For driving piles or nails this ratio must be as small as possible so 
that m, must be great compared with m,, i.e. the hammer must be 
heavy compared with the nail. For shaping rivets or forgings m, must 
be great compared with m,, i.e. we must use an anvil which is heavy 
compared with the hammer. 


6.6. SPRING AND FRICTION DRAW-GEAR 


6.6.1. When coupling vehicles this is done more or less by impact, 
especially in the case of automatic couplers. It is therefore clear that 
unless the headstock or draw-gear is fairly resilient the maximum 
force exerted during the impulse is liable to be enormous. The natural 
thing to do is to insert a spring; if this is not strong enough to 
absorb all the energy of the first half of the impact the spring goes 
solid and again the forces are liable to become greater than the 
headstocks can stand. In any case the spring then gives back its 
stored energy and the two vehicles are kicked apart with a corres- 
ponding jerk on the couplers and headstocks. Similarly if we get an 
impulsive compression or jerk on the train when in motion this goes 
through the train as a surge with, on occasions, devastating results. 


6.6.2. 'This, then, is our problem. Helical springs have a coefficient of 
restitution approaching unity and the kinetic energy after impact is 
almost as big as before impact, although the maximum forces during 
the impulse are reduced. Volute springs have a certain amount of 
internal friction and are thus slightly better; hence their popularity 
for use in side buffers in Europe. Rubber springs have a lower 
coefficient or restitution than steel springs; in addition they do not 
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follow the straight line law but are soft when the compression starts 
and gradually become harder. This accounts for the preference they 
have enjoyed over steel springs notwithstanding the higher price. 


6.6.3. If we consider a 50-ton vehicle, i.e. one with a load of 100,000 
lbs. and a tare of (say) 438,000 Ibs., its kinetic energy in foot-Ibs. at 
different speeds is as follows: 


speed (m.p.h.) KE. (ft.-Ibs.) “smash power” 
1 4,785 1 unit 
2 19,140 4 units 
3 43,065 9 units 
d 76,560 16 units 
5 119,625 25 units 
6 172,260 36 units 


If such a vehicle strikes a similar one at rest and the two remain 
coupled together we have 
MY EE MK OES (ML bom, hv 
where m, — m; 
therefore v — u,/2 
if u —2mph,v—1 m ph. 
the original energy — 19,140 ft.-Ibs. 
the final energy — 2 Xx 4,785 ft.-Ibs. 
therefore energy to be absorbed — 9,570 ft.-Ibs. 
Similarly we get 
speed 4 m.p.h. speed 8 m.p.h. 


Original energy 76,560 306,240 
final energy 2 x 19,140 2 X 76,560 
energy to be absorbed 38,280 153,120 


From these figures it will be appreciated how duickly the “smash 
power” rises with speed and why the results of shunting tests carried 
out years ago with the dynamometer car were so devastating at 8 
miles per hour that they were stopped abruptly. 


6.6.4. We can represent the action of a draw-gear, or draft gear as 
the Americans call it, in a diagram similar to an indicator diagram; 
the ordinates represent the compression force and the abscissae the 
amount of compression which is usually limited to 2-1/2 inches. 


6.6.4.1. Figure 6.6.4.(a) would then be the diagram of a helical 
spring; OA representing the compression. At the beginning the com- 
pression force is zero and this rises to the final figure of (say) 30,000 
lbs. when the gear becomes solid. The dotted line, AO. would represent 
the release and the two lines would almost coincide. The spring could 
have initial compression, in which case O'A' and A'O' would represent 
the compression and release respectively. 'The energy stored in the 
spring eguals the area under OA, which eguals 2-1/2 x 15,000/12 
or 3,125 ft.-Ibs. This is called the CAPACITY. The energy transformed 
into heat, etc. is called ABSORPTION. It is represented by the area 
between the compression and the release line. In the case of a helical 
spring it is practically zero. It is the shaded area in figure 6.6.4.(c). 
Generally it is given as a percentage of the capacity. 

6.6.4.2. Figure 6.6.4.(b) shows the diagram of a particular rubber 
gear. It shows that the rubber has initial compression of about 16,000 
Ibs. which is rather more than usual; the resisting force at closure 
is about 114,000 lIbs.; the capacity is about 10,600 foot-lbs.; the ab- 
sorption about 17%. 
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GEAR TRAVEL 
Ë 2 nches. 
FIGURE 6.6.4 (a). 


2 inches. 


MURRAY 
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6.6.4.3. Figure 6.6.4.(c) shows the diagram of a Murray gear, type 
L-4C, obtained by static test. Here too it will be noticed that when 
mounted in the yoke it has an initial compression of over 20,000 lbs. 
Its capacity, according to the diagram, is very nearly 14,900 ft.-Ibs. and 
the absorption is about 74%. From a similar diagram taken on the 
52nd closing stroke the values were 15,850, 13,450 or 82.5% respectively. 
There are various other types of gears all based on springs and 
friction. Their diagrams are all similar in principle. Some of the better 
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known are: Waugh Gould; Murray; Edgewater (ring spring); Card- 
well Westinghouse; and Miner. 


6.6.5. On the diagram of the Murray gear it is stated that the 
diagram was obtained by '“static test”, ie. by slow steady compression 
on a press. It can be assumed that the values for the rubber gear were 
obtained in the same way. One is naturally inclined to think in terms 
of static values; more especially so in connection with the values at the 
beginning of the compression when considering the starting of a train 
and the possible difficulties that might be experienced if the draw-gear 
has no “give” at the ordinary starting drawbar pulls of (say) 20,000 
to 40,000 lbs. This is where the rubber gear has a decided advantage as 
it moves about half an inch or more before reaching the 40,000 Ibs. 
mark. This probably explains its popularity when locomotives were 
still weak and even to-day still for passenger vehicles. 'This was also 
the underlying consideration when it was argued that if the usual 
friction gears were correct for American condition they must be too 
strong for our conditions. For rubber it can be accepted that the 
static and dynamic values are very near each other; it might prove 
interesting to test this out now that a drop hammer test apparatus 
is available in South Africa. 


6.6.5.1. For a dry friction type gear like the Miner it has definitely 
been established that under static conditions or at very slow speeds 
the values measured are different from those obtained under dynamic 
conditions. This is very well illustrated by figure 6.6.5.(a), which 
shows the values for the first type A-22-SA as made in 1941. In the 
one case the test was carried out at 300 feet per minute or 3.41 m.p.h. 
and in the other case at 16 inches per minute or 0.015 m.p.h. 

6.6.5.2. In this connection one cannot do better than duote from 
the letter of W. H. Miner, Inc. of March ?21st, 1941, which reads 
as follows:— 


“We note that you are aware of the objections to static tests for 
friction draft gears. In our opinion, a draft gear compression 
rate slower than 16 inches per minute is not representative of the 
slowest application of load in any phase of freight train operation. 
We can develop this speed in our 1,150,000-pound capacity 
machine and, even though it is not altogether satisfactory, it is 
greatly to be preferred to the 1/2 inch per minute compression 
usually provided in static testing machines which are primarily 
designed to determine the strength of materials. This speed is 
not at all suitable for testing friction draft gears because the 
statie rather than the kinetie coefficient of friction prevails, thus 
providing a misleading criterion of friction draft gear performance 
under actual operating conditions. The 27,000-pound hammer, in 
our opinion, provides the closest possible laboratory substitute 
for the service actuation. This action we described in our cable- 
gram and on enclosed drawing No. 18170 (figure 6.6.5.(a)) as 
compression at about 300 feet per minute. It is derived from a 
typical chronograph card made under the fall of the hammer 
which actually closes the gear. The Miner chronograph provides 
a record of the vertical movement of the hammer during the time 
of compression and release of any draft gear and the resulting 
space-time curve is readily converted to the resistance-travel data, 
similar to that we submitted for the A-22-SA gear. Each of the 
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FIGURE 6.6.5. (b) 


diagrams of drawing No. 18170 includes the typical release action 
under the two conditions of testing.” 


6.6.5.3. For this particular gear the following details are given: 
Lenght 22-3/8 inch (giving with one follower plate of 2-1/4 inch a 
total of 24-5/8 inch) 
Width 12-1/2 inch 
Depth 9 inch 
Travel 2-1/2 inch 
Average new gear capacity 15,200 foot-pounds 
(This was altered in 1943 to 18,000 foot-pounds) 
Absorption 11,500 foot-pounds — 75%. 
For slow-speed compression the values are 
Capacity 48,300 foot-pounds 
Absorption 42,500 foot-pounds — 83%. 
The resistance at the end of the 2-1/2 inch travel is about 200,000 
pounds and for the slow speed 500,000 pounds. Figure 6.6.5.(b) shows 
the diagram of the Miner Class A-22-SAXL, which is the designation 
of the latest improvement of this class and is the one now being 
manufactured completely in South Africa. 
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Capacity (new) 18,000 foot-pounds 

Absorption 16,200 ft.-Ibs. — 90% 

Maximum sill pressure 250,000 pounds. 
6.6.5.4. Figure 6.6.5.(c) shows the diagrams for the spring, the rubber, 
the Miner A-22-SA and the Miner A-22-SAXL to the same scale for 
Comparative purposes. 


LOAD 1000 Lbs. 


FIGURE 6.6.5. (c) 
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FIGURE 6.6.5 (d) 
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6.6.5.5. Figure 6.6.5.(d) shows the increase of capacity with work 
input. While the A.A.R. speeification states that this shall not increase 
beyond 50% this gear, like the A-22-XB, was accepted after tests 
because the friction surfaces showed no signs of pitting or “grabbing” 
and the total wear was within the prescribed limits. 


6.6.6. Let us now consider what is a desirable capacity to aim at 
as well as other desirable characteristics. Returning to the case of the 
loaded 50-ton truck, total weight 143,000 Ibs., striking a similar truck 
at rest, the two draw-gears concerned have to take up (capacity) 
half the kinetic energy if the sill forces are not to exceed the maximum 
shown on the diagram and again becoming some unknown duantity 
when the gears go solid. 


6.6.6.1. If we employ helical springs the capacity, according to the 
size of the springs, is about 3,200 foot-pounds (possibly a little more) 
and it will be seen that the speed cannot appreciably exceed 1 m.p.h.; 
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in addition the absorption is practically zero and we get a rebound 
almost egual to the impact. 


6.6.6.2. If we take rubber gears similar to the one for which figure 
6.6.4. (b) applies the capacity is about 10,600 foot-pounds and the 
speed of impact cannot exceed 2 m.p.h. appreciably; if the initial 
tension approaches zero these values are decreased appreciably. The 
absorption is about 17% so that the energy of rebound is still 83% 
of the original impact. 


6.6.6.3. 'Taking the Miner A-22-SAXL, the capacity (when new) is 
18,000 foot-pounds increasing with use to about 50% more. Tt will 
be seen that the two gears concerned can very nearly absorb the 
energy to allow of an impact at 4 m.p.h. and can absorb it fully 
after an input of less than half a million foot-pounds of work which 
is at a very early stage in its total life. The absorption is 90% so 
that the recoil energy is only 10% of the original amount and this 
will practically all be absorbed on the first recoil pull. 


6.6.6.4. From the foregoing it will now be clear that if we are to 
allow shunting impacts at speeds in excess of four miles per hour we 
must have a gear of greatly increased capacity. Even at 5 m.p.h. we 
reguire a capacity of about 30,000 foot-pounds, which even the 
A-22-XB will only attain after an appreciable part of its useful life 
and in the space available not much more can be built in. 


6.6.7. 'There are also other considerations: 

(a) the gear must not lose more than a certain percentage of its 
initial capacity. A certain make now discarded by the S.A.R. seemed 
to have a tendency in this direction. The Miner has, as shown, a 
marked tendency to increase its capacity; 

(b) it must not show undue wear nor must the case bulge or collapse; 
in fact, not a single part must show any signs of breaking when 
tested with an input of 25 million foot-pounds. Another make taken 
off the approved list by the S.A.R. showed a tendency for the sides 
to bulge and damage some of the longitudinal members of the trucks. 
Official reports in the U.S.A. show that after an input of 25 million 
foot-pounds the parts of the Miner gear show less than the permissible 
wear. Although the S.A.R. have a large number of these gears in 
service the number discovered showing any defect is exceedingly small 
and as far as is known these were all of the older type before cast 
steel was used for the cylinder; 

(c) the gear must not “stick”; 

(d) after years of service the gear should show no deterioration, or 
at least, very little; 

(e) the fewer the parts and the simpler the arrangement of the parts 
the better. 


6.6.8. But there are further considerations: as the capacity is increased 
this generally also increases the maximum reaction or still pressure, 
ie. the force applied to the headstocks of the vehicles; for the 
A-22-SA this is nearly 200,000 Ibs., on full travel and for the A-22- 
SAXL it is 250,000 Ibs. Also it generally increases the force that has 
to be applied before the first movement takes place, which increases 
the difficulty of starting a train without a jerk. As this takes place 
at slow speeds and the difference between dynamic friction and static 
friction has been stressed it will be realised that it is exceedingly 
difficult to give exact values for the force that will start movement 


530 


di 


in a gear of the friction type. If we consider that there is usually 
about 1/4 inch slack between couplers it can, however, be accepted 
that the speed the locomotive can attain before the draw-gear is 
called into play will probably be enough (bearing in mind that the 
modern locomotive and tender has a weight of the order of 200 tons) 
to cause an impulse big enough to overcome statie friction of the gear. 


6.6.8.1. However, to meet passenger train and similar reduirements 
certain combined spring and friction gear has been developed. Figure 
6.6.8. (a) shows the compression and release performance of the Miner 
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2 inches 


FIGURE 6.6.8. (b) 


combined friction draft gear Class A-28-XB intended originally for 
caboose cars; it is understood that some of these are in use on the 
SAR. for vans. It will be noticed that during the first part of the 
compression the reaction is relatively small and follows the characteris- 
tie of the spring; after that there is a steep increase going up to 
250,000 Ibs. Similarly on the return stroke there is considerable ab- 
sorption until the “spring” stage is reached. It has the following 
characteristics:— capacity — 11,400 ft.-Ibs.; absorption — 6,550 ft.-Ibs. 
— BT7.5. 


6.6.8.2. Figure 6.6.8.(b) shows the diagram of Miner friction draft 
gear Class A-154-XL intended for passenger cars. It has even a 
longer “spring”-section and then the reaction rises steeply to 300,000 
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Ibs. It has the following characteristics:— capacity — 12,100 Tt.-Ibs.; 
absorption — 4,333 ft-Ibs. — 37%. 


6.6.8.3. 'To judge the suitability of the various possibilities for pas- 
senger trains under $. African conditions we have the following con- 
siderations: our coaches weigh 40 tons each and when one is shunted 
on to another: 


Speed, m.p.h. Kinetic energy, ft.-Ibs. Energy to be 
absorbed, ft.-Ibs. 
j 2,690 1,345 
2 11,760 5,880 
s 24,210 12,105 
4 47,040 23,520 


The rubber draw-gear can absorb 10,600 ft.-Ibs. (provided it is in 
good condition and has pre-tension) so that it can be used for impact 
speeds slightly above 2-1/2 m.p.h.; if it has no initial tension or, at 
least, very little this value will be reduced. In addition there will be 
an 83% recoil. The A-28-XB gear will only suffice for speeds up to 
2.8 m.p.h. but it has the added advantage that it will absorb 57.5% 
of the recoil. The A-154-XL will suffice for speeds up to 3 m.p.h. and 
absorb 37% of the recoil. As it has apparently a 2-3/4 inch travel 
it will presumably have to get a 1/4 inch initial compression to go 
into the yoke. 


6.6.8.4. No test figures are available to show whether the A-28-XB 
and A-154-XI can absorb some 25 million foot-pounds without notice- 
able depreciation and, in fact, with increase in capacity, but seeing 
that they are manufactured by the same firm and according to the 
same basic principles of workmanship it can reasonably be so assumed 
and that they are good for many years of strenuous service; no 
figures for the life of rubber gear are available nor details of their 
behaviour in service except that is is known that they show a tendency 
to take up a permanent set; but information as to how much and after 
what period in service is not available but probably the S.A.R. have 
statistics. 


6.6.8.5. In view of the lack of recorded experience with the three 
types of gear on passenger services it is rather difficult to express any 
opinion as to which should be most suitable for $. African conditions. 
The Miner Co. seem to favour the A-154-XL but have to admit that 
they are not too conversant with our local conditions and suggest 
that full scale tests, that is taking a whole train at a time, seem 
the best way to arrive at the correct conclusion. 


6.6.8.6. The author has endeavoured, in his personal capacity, to 
form an opinion on what might be expected to be the best solution. 
We know that jerks are occasionally transmitted from the locomotive 
through passenger trains and that on the Reef and Pretoria electrified 
sets we get jerks when the trains start. He has repeatedly stood at the 
connecting doors of the electrified sets and watched the telescopic 
gates. The movement between coaches exceeds 4 inches; it would 
therefore appear that the rubber gear goes very nearly, if not wholly, 
solid. From the feeling of the jerk it is thought to be a combination 
of the rising reaction when the gear goes solid and the unabsorbed 
recoil, but without suitable measuring instruments this is difficult to 
say. 
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6.6.8.7. It is therefore suggested that comparative tests be made with 
rubber, the A-28-XB, the A-154-XL and even the A-22-SAXL. It is 
suggested that the latter gear be included in the tests as it is felt 
that the greater capacity and more especially the greater absorption 
will be found beneficial although the greater initial stiffness may be 
found to be a disadvantage. Without waiting for the final results of 
these tests it is further suggested that Miner be approached to find 
out whether it would be possible to alter the A-28-XB to bring the 
friction action into play after about 3/4 or 1 inch travel instead of 
after 1-1/2 inch, as is now the case; the final sill pressure of 250,000 
lbs. not to be appreciably increased and the release stroke to remain 
substantially the same. From this suggestion it will be appreciated that 
the author is dubious whether the A-154-XL will prove suitable for local 
conditions, but that does not mean that he is discouraging tests with 
it, as finding the best solution to a very important problem certainly 
justifies leaving no possibility untried. 


6.7. THE ACTUAL GEAR 


6.7.1. Figure 6.7.(a) shows diagramatically the A-22-SAXL as supplied 
to the S.A. Railways and manufactured in $S. Africa. 
It consists of: 

1 cylinder (A), cast steel specially heat treated; 

1 helical spring (B); 

3 shoes (C), (three different patterns) drop forged, and case 

hardened; 
1 wedge (D) drop forged and case hardened. 


EE 


MINER .A- 22 - SAXL. 


se 


ODE 


FIGURE 6.7 (a) 


To assemble the gear the spring and the shoes are put into the 
cylinder; the shoes are pressed down with a special jig and the 
wedge is dropped in with a twisted motion; when the shoes are released 
the lugs on the wedge engage those on the cylinder thus locking the 
gear. To ensure that the gear goes into the yoke without trouble 
little pieces of aluminium are temporily inserted between the lugs 
before despatch so that the gear is slightly shorter than normal. 
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6.7.2. It is interesting to note that in this initial condition the drop 
hammer, weighing 9,000 pounds, can generally move the gear by 
its own weight and close the gear by a small drop. By successive blows 
of increasing intensity the gear's capacity is gradually increased until 
it amounts to 18,000 foot-pounds, when closed by a 2-1/2 inch travel. 
'The small pieces of aluminium are then inserted and the gear is 
ready for building into a truck and the diagram and values given for 
“new gear” is for the gear in this condition. 


6.7.3. 'The spring used in this gear merits special mention. 


6.7.3.1. The spring is made of good duality carbon (about 1%) steel, 
1-1/2 inch in diameter, oil hardened and then tempered. The spring 
has a final free height of 16-1/2 inch and a solid height of 12-1/4 
inches. Its load characteristic is 8,000 lbs. per inch deflection and it 
must take a load of 32,000 lbs. before going solid. If the stress is 
worked out according to the usual formula with a stress correction 
according to Michel as given in “Proceedings of the London Mathemati- 
cal Society” 31 (1900), p. 130 or preferably to that of A. M. Wahl and 
also a correction for eccentric loading, we get a corrected stress of 
132,000 Ibs./sd. in., which is well beyond the ordinary elastic limit. 


6.7.3.2. 'To attain this high load, which is necessary to get the desired 
capacity of the gear in the space available, the spring is made 4 
inches longer, when free, than the final free height desired and 
seragged solid a couple of times after tempering. By this process it 
loses about 4 inches in free height and is pre-stressed in such a way that 
it can now support 32,000 lbs. without exceeding the elastic limit. 


6.7.3.3. This subject is dealt with in an article by Chauncey 'T. 
Edgerton in “Chemical and Metallurgical Engineering” Vol. 19, No. 11, 
(Dec. 1918), pp. 762—T767. He explains that when seragging the spring 
beyond the elastic limit, not only the outside layer of material but 
some of the layers below the surface are “cold deformed”. When the 
spring is released they want to stay deformed but are pre-stressed 
in the opposite direction by the inner layers, which are themselves 
thereby pre-stressed in the counter direction. J. A. Pope and J. E. 
Andrew in “The Effect of 'Torsional Overstrain upon the Static 
Strength of Spring Steel” in “Proceedings of the Institution of Mecha- 
nical Engineers”, Vol. 169, No.19 (1955), also deal with this 
phenomenon and come to the following conclusions:— 


(a) the sum of the strengths in the positive and negative directions is 
uneffected by the degree of overstrain and is twice the elastic 
range in one direction of the original metal; 


(b) therefore, if the spring is seragged, what you gain in the seragging 
direction you lose in the opposite direction. Push-pull springs should 
not be seragged. Push springs should be highly seragged. 


6.7.4.1. Gears used to be tested in the U.S.A. with a falling weight 
of 9,000 pounds. In more recent years a weight of 27,000 pounds is 
usually employed, because, for the ordinary capacities the heavier 
weight gives a speed of impact more nearly egual to that of the 
trucks under actual shunting conditions. For local manufacture and 
tests a 9,000 pound apparatus is available at Luipaardsvlei and all 
gears made there are tested to ensure that they have at least 18,000 
foot-pounds capacity. In a particular case the figures were as follows: 


weight dropped from height of 22-1/2 inches; gear travel 2-5/8 inch; 
hence 
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capacity — (22-1/2 4 2-5/8) x 9,000/12 
— 18,844 foot-pounds. 
6.7.4.2. By taking diagrams or chronographs on a rotating drum of 
the movement of the hammer while closing the gear we get a chart 
of the movement of the hammer during closure and recoil of the gear. 
By drawing tangents at two points A and B near each other on this 
chart, (see figure 6.7.(b)) we can determine the speed at each of the 
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points and hence the average acceleration (or retardation) of the 
hammer between these two points and from this the force causing:- 
this retardation: 

9,000 x a 

F (in pounds weight) — ———— 
8 

and therefore the force on the gear at this instant is (F - 9,000) 
lbs. as the gear in addition to retarding the hammer is also supporting 
its weight. By going in reasonable steps we can in this way prepare 
a diagram as shown in figure 6.6.5.(b) for any gear. 
6.7.4.3. Another method of analysing the chronograph is by the 
energy method. Points at suitable intervals are taken and the speeds are 
determined by the tangent method. The change in kinetic energy from 
point to point can thus be established. The difference must have been 
absorbed temporarily by the gear. This is indicated by suitable areas. 
By judiciously drawing a curve to show the same capacity as the 
stepped line we get the diagram. Working out these diagrams in detail 
is somewhat laborious and space and circumstances hardly permit of 
doing it here in greater detail. 


1.0. STEAM HEATING OF TRAINS 


71. 'The heating of trains by means of steam obtained from the 
locomotive (or recently from a special boiler) is an old practice. It 
has also been in use on the S.A. Railways for a very long time. 
However, it seems to be one of those practices which has just carried 
on empirically for years but about which not much theory is available 
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in the general literature, it being left to certain supplying firms to 
offer improvements as and when available. It is therefore very natural 
that, as the length of trains increased and the standard of comfort 
expected by passengers became higher, ultimately a position was 
reached where serious complaints were received regarding the in- 
adeguacy of the steam heating provided. This guestion became acute 
during the winter 1928 and the author, as Test Engineer, had to inves- 
tigate the matter. The instructions of the Management were precise 
and to the point, namely: what changes were necessary and would 
ensure adeduate heating and what was the smallest expenditure which 
would assure reasonable satisfaction to the travelling public; in addition 
it was stressed that the matter was urgent. 


7.2.1. The system in use at the time comprised: — 


(a) a reduction valve on the locomotive to reduce the pressure of 
the steam supplied by the boiler (usually 180 to 200 p.s.i.) to about 
60 Dp.s.i.; 

(b) a system of pipes on each coach to conduct the steam to the 
next coach as well as to supply steam, by connmecting pipes, to 
the heaters in the compartments; 


(c) a cock or other regulating device in each compartment by which 
the passengers could turn the heat on or off; 

(d) heaters into which the steam was admitted. As a safety measure 

this heater was open to the atmosphere by a drip pipe, passing 
through the floor, which allowed the condensed water and any 
surplus steam to escape; 


(e) it was therefore necessary to have, in addition to the passengers' 
regulating valve, a contrivance to prevent more steam than was 
reguired for heating purposes to blow through the heater and go 
to waste; 

(f) at each end of the through pipe a flexible coupling to the next coach 
and a cock for closing the pipe on the last coach as well as 
isolating the coupling when uncoupling; 

(g) a contrivance at the lowest point on each through pipe to get rid 
of condensed water and sludge. 


722. Tt was known from observations that on cold nights it was 
generally impossible to get any steam further away from the locomo- 
tive than about ten to twelve coaches although the maximum pressure 
that the couplings would permit, namely 60 p.s.i., was available at the 
locomotive. It was desirable that at least 20 coaches could be heated. 
Furthermore, the coaches were fitted, some with 1-1/4 inch through 
pipes, some with 1-1/2 inch through pipes and some with 1-3/4 inch 
through pipes. The couplings were of the Laycock type with 1-1/4 inch 
bore; they were rather long and, if not supported by a chain in the 
uncoupled condition, sometimes touched the rails at cross-overs and 
were damaged. The cocks were of the plug type of various bores corres- 
ponding to that of the pipes. The automatic regulators, see 7.21(e), 
were of the flat diaphagm type, similar to the pressure box of an 
aneroid barometer, filled with alcohol or a similar liguid of low boiling 
point causing the box to expand and shut off the steam as soon as 
a cerlain temperature was reached and it had to be built into the 
heater. This arrangement had two very undesirable features: firstly 
they were expensive in first cost and maintenance as they freguently 
developed leaks; secondly they had to be mounted in the heater and 
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when they became defective en route a fitter had to enter the com- 
partment and thus interfered with the privacy of the passenger. 

7.3. This then was the position in the summer 1928/29 and a solution 
had to be found, if possible, before the winter season 1929. 

7.3.1. 'The theoretical eguation for the drop in pressure of steam 
flowing through a pipe is given in text books as 


dp k. (@YSEE 
IE dy d5. p.ise 
where dp is the drop in pressure, Ibs./sguare inch, 


L is the length of pipe in feet. 

@ is the guantity of steam, lIbs./hour, 

d is the internal diameter of the pipe, inches, 
p, is the absolute pressure, Ibs./sd. in. 


It is also known that bends, elbows, cocks, etc. can generally be 
treated as eduivalent to a certain length of pipe; this length is best 
established by tests. The amount of steam was regulated in the in- 
dividual tests by a cock placed between the element and the outlet 
pipe leading into the water for condensing the steam, except in the 
case of the heater, where the guantity of steam was regulated before 
entering and any uncondensed steam escaped with the condensed water 
at atmospheric pressure. 


7.3.2. The guantity of steam reguired per coach was another very 
important factor. This could not be determined by actual tests before 
the winter. In the '“Transactions of the A.S.M.E.”, May—Aug. 1928, 
RR 50/6 it is stated that it reguires about 2.85 pounds of steam per 
hour per coach per degree difference in temperature inside and outside. 
American coaches are 80 feet long as against 60 feet in S. Africa; 
but it can be assumed that this is more or less compensated for by the 
leaks due to timber construction as against steel and the looser fit 
of our windows. Accepting 2.85 as a tentative figure and an assumed 
outside temperature of 32” Fah. and an inside temperature of 60”, we 
get a steam reguirement of 80 lIbs./hr. per coach. This figure was 
accepted as a working basis to be investigated further as soon as 
winter started (see 7.6.). 


dt TESTS 


We now had a basis for starting tests. The dguantity of steam could be 
determined by leading the exhaust into a barrel of water which was 
weighed before and after the test and the duration noted by a stop 
watch. (It must be appreciated that tests like these could not be carried 
out in a laboratory but had to be undertaken in the workshops where 
a large boiler was available and that the scales, pressure gauges, ete, 
were of a good commercial type). 


7.41. 'The reducing valve used at the time on the locomotive did not 
function very well and was too small to handle 80 x 20, i.e. 1,600 lbs. of 
steam per hour. A “Vapor” type of reducing valve with a good 
reputation in U.S.A. was available and tried out and found to function 
well and have adeguate capacity. It was used throughout the workshops 
tests and ultimately adopted as standard on the locomotive. 


7.4.9. 'The next step was to test the above formula for pressure. drop 
under practical conditions locally and determine the constant, k, or 
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alternatively to establish the dp — @ relationship. This was done by 

rigging up several combinations of pipes, couplings, etc., passing the 

steam through them and taking readings of the various values. The 

pressure drop had to be determined fairly accurately and was measured 

by mercury in a U-tube, the two ends of which were connected to the 

beginning and end of the element. The inlet pressure was measured 

and regulated to give the average pressure desired; this was mostly 

40 p.si. but in certain cases 20 p.s.i. and in others 40 p.si. was used 

to check the corrections for changes in p. As the drop in pressure 

varies with (@'S53 we should get straight line graphs if we plot dp 

against (1 S%3, 

7.4.3. 'Tests were carried out with the following elements, the first 

three being approximations of the actual steam pipe on a coach:— 

(a) 66 ft. of 1-1/4 in. pipe plus two 9 in. bends; 

(b) 66 ft. of 1-1/2 in. pipe plus two 8 in. bends; 

(ce) 66 ft. of 1-1/2 in. pipe plus two 9 in. bends plus 4 elbows; 

(d) 2 Xx (set of Laycock type couplings 1-1/4 in. bore plus 1-1/4 in. 
plug cocks); 

(e) 2 Xx (set of Laycock type couplings 1-1/4 in. bore plus 1-3/4 in. 
parallel cocks); 

(f) one (set of Laycock type couplings 1-1/4 in. bore plus 1-3/4 in. 
plug cocks); 

(£) one (set of Vapor type couplings 1-1/2 in. bore plus 1-8/4 in. 
plug cocks); . 

(h) one (set of Vapor type couplings 1-1/2 in. bore plus 1-8/4 in. 
parallel cocks); 

(i) 2 Xx (set of Vapor type couplings 1-1/2 in. bore plus 1-3/4 in. 
parallel cocks); 

(j) 2 Xx (set of Gresham type couplings 1-3/4 bore plus 1-8/4 in. 
parallel cocks); 

(k) 2 x (set of Robinson type couplings 1-3/4 in. bore plus 1-8/4 in. 
coecks); 

(1) 2 x (set of Gresham type couplings 1-3/4 in. bore plus 1-8/4 in. 
parallel cocks); 

all the above were tested at an average gauge pressure of 40 p.s.i.; 

(m) test (b) as above but with p — 20 p.s.i.; 

(n) test (b) as above but with p — 60 p.si.; 

(0) test (j) as above but with p — 20 p.si.; 

Tests (d), (e), (k) and (1) were carried out with 1-1/4 inch entrance 

` pipes and about 6 inches of 1-1/4 inch pipe between the sets; in test 

(1) a disecontinuity in the curve was found at @ egual to 1,000 Ibs./hr. 

(the reason could not be ascertained); the 1-1/4 inch pipe between the 

sets was then replaced by a 1-3/4 inch pipe but the discontinuity was 

again found; the entrance pipes were then also changed to 1-8/4 inch 

and a point for @ — 1,400 Ibs./hr. was found to lie on the curve. 

Tests (i) and (j) were carried out with 1-3/4 inch entrance pipes and 

connecting pipe. The results of the tests are shown graphically in 

figures 7.4.(a) and 7.4.(b). With a view to carrying out tests for 

the amount of steam used for heating a train, a copper pipe 15/16 inch 

inside diameter and 6 feet long suitably coiled to permit of its being 

built in between the reducing valve on the locomotive and the locomotive 

SERE was calibrated for p — 60, 40, 20 and 10 p.si.; see figure 

A. (ce). 
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7.4.4. 1f we study these graphs critically it will be found that the 
@'S23 law seems justified as most of the points lie on straight lines; 
test (e) and to a lesser extent (d) seem to show discrepancies. By 
comparing results of tests (a) and (b) the law for the variation of the 
diameter is confirmed and we can therefore apply the law to deduce the 
graphs for 1-3/4 inch and 2 inch pipes; the graphs are shown in 
figure 7.4.(a). 


7.4.5. Working out the drop in pressure according to the above 
eguation with k — 5.7 x 107, we get values differing by 14% from those 
obtained for the copper pipe and by 438% from those obtained for the 
other pipes. This is probably due to the steam being more or less moist, 
whereas the constant applies to saturated steam. However, the values 
found will probably agree with what takes place in practice, where 
the steam is always moist and were accepted for our purpose. 


7.4.6. For any given @ we should have: dp x p,”“*#* egual to a constant; 
this was found to be very nearly the case for the copper pipe and 
for the couplings, but showed a discrepancy in the case of the 1-1/2 
inch pipe for p — 20 and 60 p.si. Assuming that the guality of the 
steam had changed in these cases corrected curves were inserted in 
figure 7.4.(a). From the values for the copper pipe a curve is drawn 
showing the corrections for variations of pressure from p — 40; see 
figure 7.4.(c), right. 


7.4.7. 'The resistance of the 1-3/4 inch parallel cock is practically that 
of a 1-3/4 inch 45 degree bend of total length 6 inches and is neglectable. 
Plotting half the pressure drop of (d) we get (d') giving the pressure 
for one (set of Laycock type couplings 1-1/4 inch bore plus 1-1/4 inch 
plug cocks); similarly half the values of (e) give us (e'); for any given 
dguantity of steam the difference in dp between (d') and (e') gives us 
the dp for one set, ie. two, plug cocks 1-1/4 inch; by adding this 
value to that for (j'), obtained by halving (j), we get the values for 
one (set of Gresham type couplings 1-3/4 inch bore plus 1-1/4 inch 
plug cocks). From the graphs calculations similar to those in 7.7. were 
made assuming a consumption of 80 lbs. per hour per coach and it 
was immediately apparent that the pressure drop in a 1-1/4 jinch 
pipe with 1-1/4 inch cocks and Laycock couplings was far too high; 
this was also the case if 1-3/4 inch plug cocks were substituted; 
similarly the Laycock couplings with 1-8/4 inch pipe and 1-8/4 inch 
parallel cocks were still too high. It was therefore evident that all 
the 1-1/4 inch elements had to be eliminated. The Glen type coupling 
was eliminated on account of its high resistance. The construction of 
the Robinson type coupling, although very ingenious, was not considered 
robust enough for our conditions. The Vapor type coupling, although 
it had a low resistance, was considered somewhat cumbersome to 
couple up under our restricted conditions and possibly more prone to 
leak than the Gresham type. This latter type is similar to the vacuum 
coupling with two additional clips to prevent parting due to the 
pressure and a more complicated rubber sealing ring. It was ultimately 
decided to adopt this type of coupling 1-2/4 inch bore as the new 
standard. The parallel (gate type) cock, 1-3/4 inch bore, already in 
use was found very satisfactory and adopted as the new standard. To 
reduce the length of the couplings and to do away with the suspension 
chains the cocks were placed near to the middle of the coach and as 
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little below the centre line of the buffer as the movements of the 
buffers would permit. By fitting the cock with its mouth inclined in- 
wards at 45* to the vertical and allowing for the maximum movements 
of the coaches permitted by the buffers the shortest permissible length 
of the flexible couplings was determined; this length was short enough 
to ensure that the coupling heads could not drop to rail level; however, 
the short rubber hoses (1-3/4 inch bore) were found to be rather 
stiff and somewhat difficult to couple up; this difficulty was largely 
overcome by moulding the hoses curved instead of straight. With the 
hose clips used at the time and which depended only on friction to 
hold the hose in position it was found that the hoses tended to be 
blown off if the pressure exceeded 60 p.s.i. It was therefore decided 
to adopt the Vapor type clip consisting of two halves clamped together 
by two bolts; each half had a hook type extension, which gripped over 
a ridge on the nipple; it was found that this clip could withstand any 
pressure that the hose pipe could stand. While for the present the 
pressure at the locomotive was standradized at 70 p.s.i., it could, if 
found necessary, be increased to 90 p.s.i. or even more, thus providing 
a reserve if exceptionally long trains had to be heated. 


7.5. Apart from the tests to ascertain the actual amount of steam 
redguired per coach, which had to wait till cold weather set in, there 
still remained an investigation of the. automatic regulating device. 


7.5.1. The difficulties experienced with the liguid filled diaphragms 
(mentioned before) were very real and partly responsible for the 
complaints received. 'Tests were carried out, amongst others by in- 
serting a disc with a hole in the supply pipe, the diaphragm being 
removed. By varying the size of the hole in the disc and measuring 
firstly only the condensate per hour and secondly both the steam and 
condensate issuing from the drip pipe, the heater being at about 
GO” to 70” Fah. (ambient temperature) it was found that with a 
3/64 inch hole the condensate at both 15 p.si. and 60 p.si. was 
slightly over 5 lIbs./hr., but at 60 p.si. the condensate plus steam 
issuing was 12 lbs./hr. Using a 1/32 inch hole the condensate was 
41 Ibs./hr. at 15 p.si. and 5.6 lIbs./hr. at 60 p.si. with practically 
no steam issuing from the drip pipe. A test was also carried out with 
the steam led directly into the heater and a plug with a 1/16 inch 
hole in the drip pipe. This arrangement allows the condensate to 
drain off slowly but due to the resistance the system was changed to 
pressure heating where the heat exchange increases with the pressure 
due to the higher temperature; here it was found that the graph very 
nearly followed a straight line law giving 5 lbs. of steam at atmospheric 
pressure and 20 Ibs. of steam at 60 p.s.i. per hour. As stated before, 
this system is undesirable in practice and was therefore not pursued 
further. From these tests it was deduced that the heater can condense 
about 4 to 6 Ibs./hr. depending on the room temperature; it was also 
apparent that at 60 p.si. the 3/64 inch allowed too much steam to 
pass so that waste occurred; on the other hand the 1/32 inch hole 
seemed too small; this was definitely so if the steam was rather 
moist, as the water drops clogged the hole to a certain extent. A 
hole 1 mm. (— 1/25 inch) in diameter gave 4.3 lbs. condensate per 
hour at 15 p.s.i. and 6.2 Ibs./hr. at 60 p.s.i.; condensate plus steam at 
60 p.s.i. was 7.7 Ibs./hr. It was therefore concluded that this size hole 
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admitted all the steam that could be condensed without much waste 
at the higher pressures. It was therefore decided to adopt this size 
hole as standard. A plug was designed that could be fitted in the 
supply pipe on the outside below the floor of the coach. The disc 
was made of stainless steel to prevent corrosion and a fine mesh 
sieve inserted before the disc to prevent dirt clogging the hole. The 
C, and W. Examiner carries a few spare plugs with him and can replace 
a defective one from the outside in a minute or two. Generally on a 
cold night he can detect a defective plug, even without receiving 
an actual complaint, by observing the absence of a small whiff of steam 
issuing from the drip pipe. This arrangement was adopted and has 
proved very satisfactory and much cheaper in the long run. 


7.61. As soon as the nights were cold enough consumption tests 
were carried out between Braamfontein and Klerksdrop. The train 
consisted of coach 60 (dynamometer car, one heater only) six main 
line coaches and a van (one heater only). One window and two deck 
lights were open in each compartment and the louvres pulled up. 
Coach 1283 was fitted with large cylindrical heaters (4-1/2 inch diam. 
5 ft. long), one under each seat. In one compartment with standard 
heaters a diaphragm was removed and a disc with 1/16 inch hole 
inserted in the drip pipe; as explained before this gives “high 
pressure” heating which is more effective but which system cannot be 
recommended. 


7.6.2. Figures 7.6.(a) and 7.6.(b) show the variation of the various 
values measured with time. The stops and their duration are also 
indicated. The guantity of steam used was deduced from the differen- 
tial pressure between the two ends of the calibrated copper pipe (see 
7.4.3.) inserted in the steam line and readings were taken every five 
minutes. Several thermometers were mounted in each coach and a 
few outside and readings were taken every 15 minutes. 'The train 
was well heated before starting on the first test but only for 20 
minutes before starting on the second test. The heater generally used 
is the segmented type; it has a surface of 11 sa. ft. per segment; 
usually 6 segments are used giving a heating surface of 6.6 sa. ft. The 
cylindrical heaters (two per compartment) in coach 1283 have very 
nearly 12 sa. ft. and as shown in figures 7.6.(a) and (b) coach 1283 
was appreciably warmer than the other coaches. It would therefore 
appear desirable to fit as many segments as the space between the 
bunks will permit (nine). This in turn would probably necessitate a 
slightly larger hole in the disc. However, as the complaints received 
were not so many that the heat was insufficient but rather that the 
heater was not warm at all and as no expenditure was to be incurred 
that was not essential it was decided to retain the standard segmental 
heater. 


7.6.3. The amount of steam used when running was appreciably more 
than when standing; this was also the case in the American tests 
(see 7.38.2.). If we accept that this is due to the additional cooling of 
the outside pipes when running it is clear that an appreciable amount 
of heat is lost in these pipes notwithstanding the fact that they are 
lagged with asbestos rope. 
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Test 11-7-29: Outside temp. 45%—S50* Fah., 5 coaches 11” and one 
coach 16* above outside temperature. 


Running Standing 
Steam used, lbs. 520 430 
1bs./coach-hour 86.5 jr 
lbs. per coach-degree-hour 430/71 — 6.05 


According to workshops tests heaters use about 6 to 7 lbs. each or 
about 50 Ibs./hr.-coach for the actual heating; hence the outside loss 
per coach is about 21 lIbs./hr., standing and 36.5 lbs./hr. running. 
Test 11-7-29: Outside temperature 42“ to 47“ Fah., 5 coaches about 
8” and one about 16” above outside temperature. 


Running Standing 
Steam per hour, Ibs. 695 560 
1bs./coach-hr. 116 93 


lbs. per coach-degree-hour 560/56 — 10 


If as before we take 50 lIbs./coach hr. for actual heating we get the 
outside loss per coach as 43 Ibs./hr. when standing and 66 Ibs./hr. when 
running. It would appear that these outside losses depend on actual 
ambient temperatures, wind, speed of train and possibly other factors. 
To allow for contingencies we should reckon with an average re- 
duirement of 70 to 100 lbs. of steam per coach per hour of which 
only about 50 Ibs./hr. is actually used for heating. 
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7.1. We can now calculate theoretically what we can expect from 
various arrangements assuming that we reguire 90 Ibs. per coach-hour 
and a pressure of 5 p.s.i. in the last coach. Starting from the last 
coach as number one and working towards the locomotive we have: 
on an average 45 lbs. of steam passing through the pipe of 
this coach. Reading off the pressure drop as per figure 7.4.(a) and 
correcting for gauge pressure according to figure 7.4.(c) we get the 
pressure at the couplings; here the amount of steam is 90 lIbs./hr.; 
reading of the pressure drop and correcting for gauge pressure we 
get the pressure drop in the couplings; adding these two amounts to 
5 p.s.i. we get the gauge pressure in coach number two, ete. 
Example IT: 1-1/4 inch pipe, 1-1/4 inch plug cocks, 1-1/4 inch Laycock 
couplings. 


Coach @(pipe) dp(pipe) (@(coup) dp(coup) Gauge pressuré 


di 45 18 90 26 5.00 
2 135 52 180 87 5.44 
3 225 da 270 2.5 6.83 
4 3815 aal 360 Stal 10.6 
5 405 8.83 480 4.7 15.8 
6 495 8.6 540 4.3 23.8 
7 585 3.9 630 d.T 31.7 
8 675 4.3 810 6.5 40.3 
9 511 
Example II: 1-8/4 inch pipe, 1-8/4 inch parellel cock, 1-8/4 Gresham 
couplings. 

Coach @(pipe) dp (pipe) (@(coup) dp(coup) (Gauge pressure 
1 45 — 90 — 5.00 
2 185 led 180 — 5.00 
3 225 26 270 sil 53 
4 315 MT 360 26 5.52 
5 405 85 480 Ad 6.55 
6 495 1.15 540 A6 7.84 
Tm 585 1.43 630 .66 9.45 
8 675 se 720 80 11.54 
9 765 1.9 810 90 14.04 
10 855 2.08 900 1.00 16.84 
11 19.92 


7.1.2. By plotting the gauge pressure in each coach against the num- 
ber of coaches (see figure 7.7.) and extending the graph we can see 
how many coaches can be heated before the pressure at the locomotive 
exceeds the maximum permissible. If we reckon the couplings behind 
and in front of the tender and the pipe of the tender as approximately 
another coach for pressure drop purposes we see that if we have all 
coaches as in example T, ie. an unfavourable case as existing at the 
time of the investigations, and a permissible pressure of 60 p.si. the 
maximum number of coaches is about nine, whereas with the new 
standard 20 coaches can be heated, not even allowing for the fact that 
the new standard is 2 inch pipe and not 1-3/4 inch. 
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7.7.3. This then appeared the solution to the problem. As 1-3/4 inch 
pipe is not an ordinary standard and to provide an additional reserve 
a 2 inch pipe was adopted for the future. The policy adopted was to 
get all couplings of the new standard; to replace all cocks smaller than 
1-3/4 inch by the new cock; to replace all 1-1/4 inch pipes as soon as 
possible and all 1-1/2 inch pipes when reguiring renewal. This would 
spread the expenditure and the work over a reasonable period. 


APPENDIX |I 


Let R be the impulse up to the point when the two balls are 
relatively at rest, that is, when the compression is greatest; and R' 
the impulse thereafter. At the moment of greatest compression both 
balls have the same veloecity, v; hence as for inelastic bodies: 

(mi ms) v — maai oo mus 


miui - meus 
and EE 


mi *H me 
The impulse, R, is measured by the change of momentum of either 
ball up to the moment of greatest compression. Taking the first ball: 


R — my — miui 
mMmaiui - meus 
— MI X — se —MIiU 
mi Dae 
mi * mmu — Mu — MMUL 
mi H ms 

MIM(U — Us) 

mi me 


The impulse, R', is the further change in momentum after the greatest 
compression: 
R — mv — maiv 


miui 4 mu: — ems(W — Us) miui *H mou2 
—M(—— 
mi -H ma mi 4 me 


— Mi X 
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eMmiMA(U — Us) 


mi * ma 
—eR 
the fraction e thus measures the ratio of the impulses of the elastie 
forces by which the balls recover their form to the impulse of the 
force used in compressing them. 


APPENDIX II. 


LOSS OF ENERGY DURING IMPACT 
dj 
The energy before impact is: E — — (maiui? 4 ma2us5); 


The energy after impact is: BE — — # (mv? 4. meva?). 


IETS 


Substituting for vi and vs from (3) and (4) above we have 
mi (miu: *H meus) — (ems) (ui — Us) 


TO — (E— EE 
2 mi 4 ms 
N m2 (miui1 4 mus) 4 em (Ui — us) j 
2 mi 4 ma 
AN (ma 4 me) (miu1 4 mus? — 2(mu # msus)emms(t — us) 
EE 2(mi 4 m2)? 
2(miu1 4 ms2us)emsmi(ui—us) H (u—us)(msmi 4 mi?ma)e” 
2(mi 4 ma)” 
jy mus 4 mus)? 4 e?mimes(ui — uo)? 
2(mai -4 ms) 


fe—1,that is, if the balls are perfectly elastie 
(maiu1 4 meus)* 4 mms (Ui—ua)? 


Hs 
2(mi -H ms) 
) Mi1?u12 4 2mimsuius 4 ms2%u:2 4 mim2uiZ—2mimsuius F mm” 
2(mi1 4 ma) 
yd M1?U1* 4 ma2?u22 4 maimeui? 4 mimeus? 
2(mi - ma) 
Ee. mM1U1:(mi1 4 ms) 4 meus2(me 4 m1) 
2(mi1 4 ma) 
. maiu12 4 mus? 
2 
EER 
If e is less than 1:— 
Pd (mi 4 meus)? 4 (mims)(Wi—Ua (1—e?)mims(U—MEY? 
2(mi1 -4- ms) 92(mi1 - ma) 
pd (1 — eë) mms (u—us 
2(mi1 4 ms) 


546 


Hi 


